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Foreword 


This  is  a compilation  of  abstracts  of  reports  from  Principal  Investigators 
of  NASA’s  Office  of  Space  Science  and  Applications,  Solar  System 
Exploration  Division,  Planetary  Geology  and  Geophysics  Program. 

The  purpose  of  this  publication  is  to  document  in  summary  form  research 
work  conducted  in  this  program  over  the  past  year  (1989).  Each  report 
reflects  significant  accomplishments  within  the  area  of  the  author’s 
funded  grant  or  contract. 

No  attempt  has  been  made  to  introduce  editorial  or  stylistic  uniformity; 
on  the  contrary,  the  style  of  each  report  is  that  of  the  Principal 
Investigator  and  may  best  portray  his  research. 


Joseph  Boyce 
Discipline  Scientist 
Planetary  Geoscience  Programs 
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VENUS 


THE  GEOLOGY  OF  VENUS:  A PRE-MAGELLAN  SYNTHESIS  AND  KEY  QUESTIONS  FOR 

MAGELLAN 

James  W.  Head  and  Larry  S.  Crumpler,  Dept,  of  Geological  Sciences,  Brown  Univ.,  Providence,  RI 02912 

A fundamental  question  in  planetary  science  has  been  the  nature  of  volcanic  and  tectonic  activity  on  Venus, 
and  mechanisms  of  lithospheric  heat  transport  on  a planet  that  is  similar  to  Earth  in  size,  density,  and  position 
in  the  Solar  System(l).  Acquisition  and  analyses  of  high  resolution  data  from  Earth-based  observatories  and  the 
Venera  15-16  missions  have  permitted  more  detailed  characterization  of  numerous  regions  of  Venus  initially 

defined  by  PV  data,  and  the  sharpening  of  questions  for  Magellan.  , 

Observations  and  Synthesis:  High  topography  can  be  produced  by  a variety  of  mechanisms  (tectonic  crustal 

thickening,  volcanic  construction,  thermal  uplift,  etc.)  each  of  which  has  distinctive  geologic  and  tectonic 
signatures  (1).  For  example.  Beta  Reeio  is  a regional  near-equatorial  rise  2000  x 2300  km  in  dimension  rising 
>5  km  above  mpr,  containing  a central  N-S  linear  trough  (Devana  Chasma)  200-300  km  wide  within  which  is  a 
concentration  of  faults;  Arecibo  data  indicate  that  Theia  and  Rhea  Montes  are  shield  volcanoes  linked  to  and  both 
predating  and  postdating  the  faulting  (2).  Devana  Chasma  bifurcates  in  the  vicinity  of  Theia  Mons,  with  nft 
zones  connecting  south  to  Phoebe  Regio  and  extending  west  toward  Aphrodite  Terra,  giving  the  region  of 
southern  Beta  the  distinct  appearance  of  a tectonic  junction  focused  at  Theia  Mons  (3-5).  Several  flanking 
plateaus  have  radar  and  morphologic  characteristics  similar  to  the  tessera  terrain  (6).  Synthesis  of  these  data 
suggest  that  Beta  Regio  is  the  site  of  a distinctive  mantle  thermal  anomaly  (plume  or  hot  spot)  that  is  linked  to 
uplift,  regional  lithospheric  extension  and  rifting,  and  associated  volcanism.  As  yet  undetermined,  and  subject 
to  investigation  using  Magellan  data,  is  the  exact  nature  and  structure  of  the  mantle  anomaly,  the  amount  and 
significance  of  regional  lithospheric  extension,  the  role  of  the  tessera-like  flanking  plateaus,  the  significance  of 
the  tectonic  junction,  and  the  relationship  of  its  arms  to  other  regions  (Phoebe  and  Aphrodite)  and  their  tectonic 
stvl.cs 

Aphrodite  Terra  is  part  of  the  Equatorial  Highlands  and  extends  for  up  to  16,000  km  from  Western  Aphrodite 
to  Alia  Regio.  Detailed  analysis  showed  the  presence  of  parallel  cross-strike  discontinuities  (CSD  s)  and 
analysis  of  topographic  profiles  in  directions  parallel  to  the  CSD’s  showed  evidence  for  bilateral  symmetry  about 
an  axis  that  was  often  characterized  by  a distinctive  linear  trough.  These  characteristics,  together  with  other  data, 
led  to  the  proposal  that  Western  Aphrodite  Terra  was  the  site  of  crustal  spreading  along  a segmented  rise  crest, 
that  the  CSD's  represented  the  equivalent  of  ocean-floor  fracture  zones,  and  that  on  the  basis  of  the  characteristics 
of  topographic  profiles,  spreading  was  occurring  at  rates  of  the  order  of  a few  centimeters  a year  (7).  In  this 
hypothesis,  the  plateaus  superposed  on  the  rise  represent  zones  of  enhanced  upper  mantle  temperature  and  crustal 
production  (mantle  plumes  or  hot  spots),  analogous  to  Iceland  in  the  North  Atlantic. 

Assessment  of  terrestrial  spreading  centers  under  Venus  conditions  (8)  predicted  that  crust  on  Venus  produced 
at  average  spreading  centers  would  be  about  15  km  thick.  Using  PV  gravity  and  topography  data,  this  model 
was  applied  to  test  the  hypothesis  that  Western  Aphrodite  was  the  site  of  crustal  spreading  (7).  The  symmetric 
average  topography  on  the  plateau  provided  a fit  to  thermal  boundary  layer  topography  comparable  to  that  seen 
in  spreading  centers  on  Earth,  with  a spreading  rate  of  about  1.0  cm/yr.  The  steep  topographic  slopes  at  the 
edge  of  the  Iceland-like  plateau  could  be  explained  by  variations  of  about  15  km  in  crustal  thickness,  with  the 
crust  being  thicker  in  the  plateau  region.  Analysis  of  the  gravity  data  in  a manner  similar  to  that  for  the 
topography  showed  that  the  maximum  gravity  values  coincide  with  the  ridge  axis  (the  center  of  topographic 
symmetry),  and  that  elevated  upper  mantle  temperatures  and  thicker  crust  could  account  for  the  large  apparent 
depth  of  compensation  (9)  characterizing  this  region  (8).  Analysis  of  Eastern  Aphrodite  Terra  shows  the 
presence  of  many  of  the  elements  that  are  characteristic  of  Western  Aphrodite  Terra,  although  some  elements 
(e.g.,  Iceland-like  plateaus)  do  not  occur,  the  altitude  of  the  rise  crest  is  lower,  the  gravity  values  are  different, 
and  the  patterns  of  CSD’s  and  rise  crests  are  apparently  more  complex  (10).  Thus,  evidence  for  crustal  spreading 
exists  in  Eastern  Aphrodite  Terra  and  it  appears  that  it  represents  more  nominal  spreading  processes  associated 
with  normal  upper  mantle  temperatures,  and  that  it  may  be  complex  in  nature,  not  necessarily  representing  a 
single  pair  of  rigid  plates  (1 1).  As  yet  undetermined,  and  subject  to  investigation  with  Magellan  data,  is  the 
detailed  nature  of  the  CSD’s  in  terms  of  possible  plate  boundary  complexities,  the  implications  for  the  details  of 
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poles  of  rotation  and  possible  plate-like  kinematics,  the  relationship  between  surface  features  and  upper  mantle 
flow  patterns,  the  geometry  and  role  of  variability  of  the  upper  mantle  temperature  along  the  rise  crest,  the 
relative  roles  of  crustal  thickness  variations  and  dynamic  uplift  in  the  gravity  and  topography  signatures,  and  the 
relationship  of  Aphrodite  Terra  to  other  parts  of  the  equatorial  highlands. 

In  contrast  to  Beta  and  Aphrodite,  Ishtar  Terra  shows  evidence  for  extensive  development  of  convergence  and 
compressional  deformation  (12-16)  in  the  form  of  orogenic  belts  (13),  adjacent  foredeeps  of  possible  flexural 
origin  (15),  crustal  underthrusting  (15)  and  large-scale  regional  crustal  thickening  (16).  Not  yet  determined  is 
the  detailed  nature  of  convergence  and  crustal  loss  processes  and  the  regional  and  global  significance  of  such 
processes.  Data  on  the  size-frequency  distribution  of  impact  craters  on  Venus  (27, 28)  has  been  interpreted  to 
mean  that  the  average  age  of  the  surface  observed  thus  far  is  less  than  one  billion  years,  and  could  be  less  than 
the  450  my  average  age  of  the  Earth's  crust.  Not  yet  determined,  and  subject  of  investigation  with  Magellan 
data,  is  the  global  distribution  of  craters  and  local  and  regional  trends  of  crater  density  and  ages. 

Ridge  belts  are  linear  deformation  belts  (12)  up  to  200  km  wide,  having  two  different  modes  of  occurrence 

(17) ,  extending  a total  length  of  about  40,000  km  in  the  Venera  coverage,  and  proposed  to  be  of  compressional 

(18)  or  extensional  (19)  origin.  A critical  challange  for  Magellan  analysis  is  to  determine  their  global 
distribution  and  their  mode(s)  of  origin.  Corona  are  160-670  diameter  features  characterized  by  an  annulus  of 
deformation  and  associated  volcanism  and  interpreted  to  be  related  to  mantle  upweling  or  hot  spots  (20,21). 
Questions  center  on  their  global  distribution,  their  relationship  to  regions  of  larger-scale  mantle  upwelling,  and 
other  possible  explanations  for  their  formation.  Plains  regions  make  up  the  vast  majority  of  the  surface 
observed  thus  far  (22,6,23)  and  are  of  volcanic  origin  based  on  associated  flows,  domes,  large  volcanic  edifices, 
and  embayment  relationships.  Not  yet  determined  is  the  thickness  of  plains  deposits,  the  nature  of  the  substrate 
on  which  they  occur,  the  contribution  of  plains  volcanism  to  crustal  formation  and  growth  (24),  the  significance 
of  local  areas  of  enhnaced  volcanic  sources,  and  their  relationship  to  regions  of  interpreted  crustal  spreading.  A 
complex  ridge  and  grooved  terrain  known  as  tessera  (12, 25)  makes  up  about  14%  of  the  Venera  region  and  has  a 
number  of  possible  origins  including  focused  deformation  and  crustal  thickening,  gravity  sliding,  and  processes 
similar  to  those  producing  the  generally  orthogonal  patterns  of  fracture  zones  and  abyssal  hills  on  the  terrestrial 
sea  floor.  It  has  been  proposed  that  the  trough-and-ridge  tessera  may  have  originated  through  processes 
analogous  to  those  responsible  for  the  ocean  floor  fabric  on  Earth,  forming  at  rise  crests  and  evolving  to  its 
present  morphology  and  configuration  through  processes  of  crustal  spreading.  In  this  scenario,  the  plateau-like 
nature  of  the  trough-and  ridge  tessera  could  be  the  result  of  localized  crustal  thickening  during  the  spreading 
process,  producing  elevated  Iceland-like  plateaus  whose  texture  is  preserved  from  subsequent  lowland  volcanic 
flooding  (26).  In  summary,  the  nature  of  the  trough-and-ridge  tessera  suggests  that  at  least  some  of  the 
intervening  terrain  between  regions  of  spreading  and  zones  of  convergence  may  have  originated  through 
processes  analogous  to  sea-floor  spreading.  Left  unresolved  is  why  sea-floor-like  fabric  is  concentrated  on 
plateaus  rather  than  throughout  the  plains,  whether  or  not  the  fabric  underlies  a local  volcanic  veneer  over  larger 
portions  of  the  surface  of  Venus,  and  how  this  fabric  links  to  tectonic  zones  in  the  intervening  regions. 

Summary:  On  the  basis  of  these  regional  analyses,  we  can  conclude  that  there  is  evidence  for  a variety  of 
characteristics  and  processes  operating  on  the  surface  of  Venus  as  presently  known.  Evidence  has  been  presented 
f°r  crustal  spreading  in  Aphrodite  Terra  and  local  Iceland-like  plateaus  representing  regional  superposed  areas  of 
elevated  upper  mantle  temperatures  or  hot-spots'  (e.g.,  Ovda  and  Thetis  Regiones).  Zones  of  convergence  and 
possible  crustal  loss,  and  distinctive  orogenic  belts,  have  been  identified  in  the  Ishtar  Terra  region.  There  is 
evidence  for  a latitudinal  variation  in  styles  of  tectonism  and  volcanism.  with  the  equatorial  region  being 
characterized  by  extensional  deformation  (29)  and  the  northern  high  latitudes  (particularly  Ishtar  Terra)  being 
characterized  by  compresisonal  deformation.  The  equatorial  region  has  large  shield  volcanoes  associated  with  the 
extensional  deformation  (Rhea,  Theia,  Sif,  Gula  Montes).  Plateaus  of  tessera  characterized  by  complex 
deformation  and  some  seafloor-like  fabric  occur  in  intervening  areas  between  zones  interpreted  to  be  spreading 
and  zones  of  convergence.  These  regions  and  other  regional  zones  of  convergence  and  crustal  thickening  suggest 
maior  horizontal  movement  and  deformation  of  the  crust.  Size-frequency  distributions  of  impact  craters  observed 
in  the  northern  high  latitudes  (27,28)  and  in  regions  covered  by  Arecibo  data  (6)  indicate  a relatively  voung  age 
for  the  surface  of  Venus,  with  an  average  age  of  less  than  one  billion  years.  Gravity  data  (9)  reveal  a positive 
correlation  of  gravity  and  topography  at  long  wavelengths  in  the  equatorial  region,  show  variable  apparent 
depths  of  compensation  within  the  highlands  (9,30),  and  show  local  regions  of  high  amplitude  anomalies  (e.g.. 
Beta,  Atla  Regio)  where  the  apparent  depth  of  compensation  is  so  high  that  some  type  of  dynamic  support,  such 
as  large-scale  mantle  upwelling.  or  mantle  plumes,  seems  plausible. 
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Questions  for  Magellan:  Recent  analyses  have  focused  some  key  geological  questions  for  Magellan  as 
follows:  What  is  the  global  distribution  and  age  of  hot  spots,  crustal  spreading  centers,  zones  of  convergence, 
upland  plateaus,  and  volcanoes,  and  what  are  their  relationships?  What  are  the  mechanisms  of  crustal  formation 
and  recycling?  Is  there  a globally  interconnected  tectonic  network  and  what  is  its  relationshop  to  processes  of 
crustal  formation  and  loss?  What  is  the  thermal  structure  of  Venus  and  is  there  evidence  for  globally  significant 
lithospheric  plates  and  plate  tectonics?  What  is  the  distribution  of  gravity  anomalies  and  how  do  they  relate  to 
surface  topography  and  geology?  What  is  the  relationship  of  surface  features  to  mantle  processes?  Can  we 
make  more  quantitative  estimates  of  different  mechanisms  of  Venus  heat  loss? 
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THE  NORTHERN  QUARTER  OF  VENUS:  AVAILABILITY  OF  NEW 
USGS  OPEN-FILE  GEOLOGIC/GEOMORPHIC  AND  STRUCTURE 
MAPS. 

Gerald  G.  Schaber  and  Richard  C.  Kozak,  U.S.  Geological  Survey,  Flagstaff, 
AZ  86001 

Introduction.  Geologic/geomorphic  and  structural  maps  of  the  northern 
quarter  of  Venus  have  recently  been  compiled  at  1:15,000,000  scale  as  part 
of  a pre-Magellan  investigation  of  the  geology  and  tectonics  of  Venus  [1,2]. 
These  maps,  on  two  sheets  with  accomplanying  text  and  unit  descriptions, 
have  been  released  prior  to  formal  publication  as  a USGS  Open-File  Report 
to  expedite  availability  to  the  planetary  geoscience  community  prior  to  start 
of  Magellan  mapping  of  Venus  in  August,  1990.  The  maps  show  an 
alternative  interpretation  of  the  same  region  of  Venus  that  was  covered  by 
the  geomorphic/geologic  map  of  Sukhanov  et  al.  [3],  which  was  published  by 
the  USGS  as  part  of  a 1: 15,000,000-scale  map  series  [4]  under  a joint 
US/USSR  cooperative  agreement  [5]. 

Our  open-file  maps  are  the  result  of  photogeologic  interpretation  of 
medium-resolution  (1.5-2  km)  images  of  the  northern  quarter  of  Venus 
acquired  by  the  two  Soviet  spacecrafts,  Venera  15  and  16.  The  mapped  area 
covers  111.4  X lCf  krrf  and  is  centered  on  the  North  Pole.  Processing  and 
mosaicking  of  the  Venera  15/16  radar  data  [6,7]  were  done  by  the  Institute 
for  Information  Transmission  Problems  of  the  USSR  Academy  of  Sciences. 
We  mapped  the  resulting  27  1:5, 000,000-scale  quadrangles  [8,9]  at  a 
reconnaissance  level  prior  to  compilation  on  a 1: 15,000,000-scale  image 
mosaic  [3,  sheet  2],  Supplementary  data  used  in  mapping  included  a 
topographic  dataset  of  combined  Pioneer  Venus  (PV)  and  Venera  15/16 
altimetry  data  [L  Soderblom  and  E.  Eliason,  pers.  commun.,  1989].  This 
dataset  was  used  along  with  the  Venera  radar  mosaic  to  create  a synthetic 
stereoimage  [10]  that  greatly  facilitated  geologic  and  structural  interpretation 
during  mapping  [11], 

Geologic/Geomorphic  Map  Units.  We  mapped  34  geologic/geomorphic  units 
within  14  general  terrain  types.  Our  geologic/geomorphic  map  was  digitized 
and  co-registered  with  other  datasets  (e.g.,  combined  PV/Venera  altimetry 
dataset)  to  determine  various  statistics  for  the  mapped  units,  including 
percentage  of  total  mapped  area  covered  (Table  1). 

Acknowlegments.  Research  was  supported  under  NASA  PG  Contract  W- 
15,514  to  the  USGS. 

References.  [1]  Schaber,  G.G.  and  Kozak,  R.C.,  1990,  USGS  Open-File 
Report  90-24,  Denver,  Colo.,  scale  1:15,000,000;  [2]  Schaber,  G.G.  and  Kozak, 
R.C.,  1990,  Abstrs.  of  Papers  Submitted  to  the  Twenty-First  Lunar  and  Planet. 
ScL  Confi , Houston,  Texas  - in  press;  [3]  Sukhanov,  A.L.,  and  11  others,  1989, 
USGS  Misc.  Inv.  Ser.  Map  1-2059,  scale  1:15,000,000;  [4]  USGS,  1989,  Misc. 
Inv.  Ser.  Map  1-2041,  3 sheets,  scale  1:15,000,000;  [5]  Basilevsky,  A.T.,  Burba, 
G.A.,  and  Batson,  R.B.,  1989,  In  Abstrs.  of  Papers  Submitted  to  the  Twentieth 
Lun.  Planet.  ScL  Conf,  Houston,  Texas,  46-47;  [6]  Alexandrov,  Yu.  A.  and  10 
others,  1985,  Geodeziya  i Kartografiya,  v.  1985,  no.  9,  41-48;  [7]  Bockstein,  I., 
Chochia,  P.,  and  Kronrod,  M.,  1988,  Earth,  Moon,  and  Planets,  v.  43,  233- 
259;  [8]  USSR  Acad,  of  Sciences,  1987,  Photomap  of  the  Venusian  surface, 


6 


sheets  B-2  to  B-27 , Moscow,  GUGK  (Main  Administration  of  Geodesy  and 
Cartography),  scale  1:5,000,000;  [9]  USSR  Acad,  of  Sciences,  1988 , Photomap 
of  the  Venusian  surface,  sheet  Bl,  Moscow,  GUGK  (Main  Administration  of 
Geodesy  and  Cartography),  scale  1:5,000,000;  [10]  Batson,  R.B.,  Edwards,  K, 
and  Eliason,  E.M.,  1976,  Photogram.  Eng.  and  Remote  Sens.,  v.  42, 1279-1284; 
[11]  Kozak,  R.C.  and  Schaber,  G.G.,  1988,  In  Abstrs.  of  Papers  Sumbitted  to 
the  Nineteenth  Lunar  and  Planet.  Set  Conf,  Houston,  Texas,  513-514.  [12] 
Barsukov,  V.L.,  and  29  others,  1986,  Proc.  16th  Lunar  Planet.  ScL  Conf,  part 
2,  J.  Geophys.  Res.,  v.  91,  no.  B4 , D378-D398;  [13]  Schaber,  G.G.,  and  Kozak, 
R.C.,  1989,  In  Abstrs.  of  Papers  Submitted  to  the  Twentieth  Lunar  Planet.  ScL 
Conf,  Houston,  Texas,  954-955. 


Table  1.  PERCENT  AREA  COVERAGE  BY  MAP  UNIT  AND  TERRAIN  CATEGORY. 


MAP  UNIT 
Symbol 
(see  [1]  for 
description) 

% OF  MAP  AREA 

TERRAIN  CATEGORY 

ps 

33.03 

SMOOTH  PLAINS 

psl 

0.83 

P» 

pm 

8.51 

4.91 

OTHER  PLAINS 

pc 

2.78 

P* 

3.96 

tl 

3.40 

twf 

1.79 

tef 

0.96 

tb 

0.23 

TESSERA 

tg 

0.04 

tf 

0.47 

tu 

2.75 

ml 

0.68 

MARGINAL  BELTS 

mt 

1.17 

i, 

l 

6.32 

LINEATED  AND 

6.06 

FRACTURED 

f 

1.23 

TERRAIN 

btd 

0.68 

DOMED  TERRAINS  OF 

bid 

1.06 

BETA  AND  BELL  REGIONS 

2.69 

SHIELDS,  DOMINAL 

dh 

3.34 

HILLS/MESAS,  AND 

dm 

0.05 

PATERAE 

cp 

0.86 

CO, 

1.07 

CORONAE 

CO, 

037 

r 

030 

rb, 

rb, 

5.46 

RIDGE  BELTS  AND 

033 

RIDGED  PLAINS 

rs 

2.75 

re 

133 

c 

0.06 

CRATERS  (>  45  KM  IN 

ce 

0.12 

DIAMETER)  AND 

h 

0.23 

MISCELLANEOUS  TERRAINS 

7 


VENUS:  SOUTHERN  HEMISPHERE  TERRAINS  AND  A SURFACE  AGE  ESTIMATE  FROM  NEW 
ARECIBO  RADAR  IMAGERY 

D.B.  Campbell1  and  J.W.  Head2.  National  Astronomy  and  Ionosphere 
Center,  Cornell  University,  Space  Sciences  Building,  Ithaca,  NY  14853. 

Department  of  Geological  Sciences,  Brown  University,  Providence,  RI 
02912. 

Introduction.  The  Arecibo  12.6  cm  wavelength  radar  was  used  to  image 
most  of  the  surface  of  Venus  'visible'  during  the  close  approach  of  the 
planet  to  the  earth  in  1988.  To  date,  processing  of  the  data  has 
provided  1.5  to  2.5  km  resolution,  25  look,  imagery  of  the  surface  in 
the  approximate  longitude  range  270°  to  20*  and  latitude  bands  12°N  to 
66°N  and  10°  to  66°S.  The  incidence  angle  at  which  the  radar  viewed 
various  portions  of  this  area  varied  over  the  approximate  range  of  12° 
to  66°  with  the  lowest  incidence  angles  being  at  low  latitudes  near 
longitude  330°  and  the  highest  ones  near  the  peripheries  of  the  images. 
Image  quality  is  also  a function  of  incidence  angle  since  the  signal- 
to-nolse  ratio  decreases  with  incidence  angle  due  to  both  scattering  law 
effects  and  increased  atmospheric  absorption. 

Southern  Hemisphere  Terrains . The  area  covered  in  the  southern 
hemisphere  by  the  new  imagery  includes  all  or  part  of  four  upland  areas, 
Alpha  Regio,  Phoebe  Regio,  Themis  Regio  and  Lada  Terra,  three  prominent 
montes,  Hathor,  Innini  and  Ushas  plus  parts  of  three  lowland  planitia, 
Navka/Guinevere,  Lavinia  and  Helen.  The  new  data  (1)  show  that  Aloha 
Regio  is  characterized  by  a system  of  5 to  10  km  wide  lineaments, 
probably  corresponding  to  ridges  and  troughs,  whose  dominant  orientation 
is  generally  N-S  and  whose  length  ranges  from  15  to  over  100  km.  A 
second  set  of  less  prominent  linear  structures  is  observed  which  has  an 
orientation  approximately  orthogonal  to  the  N-S  system.  Oval  to  linear 
patches  of  radar  dark  plains  20-200  km  in  extent  oriented  parallel  to 
the  major  structural  trends  are  also  observed.  On  the  basis  of 
observations  from  the  Pioneer- Venus  orbiter,  Alpha  Regio  was  predicted 
to  be  similar  to  the  terrains  designated  as  Tessera  in  the  Venera  15/16 
imagery  of  high  northern  latitudes  (2).  This  new  data  strongly  supports 
this  interpretation.  Topographically,  Phoebe  Regio  consists  of  two  SE 
trending  linear  rises  extending  towards  Lavinia  Planitia  and  including 
a southern  extension  of  the  Beta  Regio  rift  system  (3,4).  The  western 
linear  rise  is  characterized  by  a 200  km  wide  linear  zone  disrupted  by 
bright  lineaments  on  and  parallel  to  the  rise  crest;  this  zone  has  many 
similarities  to  the  Devana  Chasma  rift.  On  the  basis  of  this  similarity 
it  is  interpreted  as  a rift  zone.  Several  associated  volcanic  centers 
are  also  observed.  The  eastern  linear  rise  has  similar  characteristics 
(bright  lineaments  on  and  parallel  to  the  rise  crest)  but  the  structure 
is  not  as  radar -bright  and  appears  to  be  generally  more  subdued.  Themis 
Regio  is  characterized  by  two  major  types  of  features,  concentric  ring 
to  oval  structures  250  to  400  km  in  diameter,  and  volcanic  edifices(5). 
Several  densely  packed  and  interconnected  ring/oval  structures  and 
superposed  volcanoes  form  Themis  itself  and  a chain  of  ring/oval 
structures  and  volcanoes  extends  from  Themis  to  the  east  for  about  2200 
km.  These  structures  are  similar  to  coronae(6)  in  size  and  presence  of 
concentric  annular  ridges,  but  differ  in  their  polygonality , close 
spacing  and  chain- like  nature.  These  structures  are  separated  from 
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Hathor  Mons  by  a prong  of  Lavinia  Planitia.  The  structure  of  Themis  is 
similar  to  the  Beta-Eisila  Deformation  Zone(6) , but  neither  the  origin 
of  the  circular/oval  structures,  nor  their  exact  relationship  to  the 
corona  structures  seen  in  Venera  data(7),  are  clear  at  the  present  time. 
Only  the  northernmost  border  of  Lada  Terra  (the  south  polar  highland 
region  rising  up  to  2 km  above  mpr)  is  seen.  It  is  characterized  by 
radar -dark  plains  and  by  a 150-200  km  wide  linear  belt  of  bright 
lineaments  paralleling  the  slope  at  the  northern  edge  of  Lada  and  having 
some  similarities  to  ridge  belts  seen  in  the  Venera  data(8)  . Additional 
belts  of  bright  lineaments  are  seen  to  the  north  of  Lada  Terra  on  the 
southern  slopes  of  Lavinia  Planitia.  Three  prominent  Montes 

(Ushas,  Innini,  Hathor)  form  a generally  N-S  trending  upland  rise 
between  Navka/Guinevere  and  Lavinia  Planitia.  These  peaks  rise  1.5-2 
km  above  mpr,  are  separated  from  each  other  by  800-1200  km,  are  the 
locus  of  flow- like  deposits  that  often  appear  to  embay  surrounding 
structure,  and  they  are  interpreted  to  be  volcanic  edifices  similar  to 
volcanoes  seen  in  the  northern  hemisphere  (Sif,  Theia,  etc.) (9). 
Several  types  of  structures  are  radial  to  these  features,  including 
paired  bright  lineaments  forming  20-40  km  wide  zones,  and  broader  zones 
of  bright  lineaments  50-150  km  wide  one  of  which  extends  south  into 
Lavinia  Planitia.  These  are  tentatively  interpreted  as  zones  of 
extension. 

The  Planitiae  are  low  in  elevation  (<  mpr)  and  form  broad  areas  ot 
plains  of  apparent  volcanic  origin  between  the  upland/highlands  and 
montes . Navka  and  Lavinia  contain  several  apparent  volcanic  sources 
(domes,  flow  center,  etc.)  and  Lavinia  is  disrupted  by  abundant  linear 
deformation  zones,  features  also  seen  in  the  northern  Venus  plains (3, 8)  . 
Few  features  are  visible  in  the  small  eastern  part  of  Helen  Planitia 
covered  by  the  new  images.  Instead  this  region  has  unusual  surface 
properties  which  result  in  a radar  image  showing  primarily  'speckle 
with  a slowly  varying  mean.  Further  examination  of  the  data  is  needed 
to  better  describe  and  understand  this  phenomenon. 

Crater  Counts.  A total  of  forty- two  circular  features  with  diameters 
greater  than  8 km  have  been  identified  in  the  50  106km2  covered  by  the 
new  Arecibo  images  in  the  southern  hemisphere.  This  count  resulted  from 
a search  for  possible  impact  craters  and  excluded  a very  small  number 
of  circular  features  whose  general  appearance  and  close  association  with 
the  large  volcanic  mountains  made  classifications  an  impact  craters 
extremely  doubtful.  This  is  not  to  say  that  all  of  the  remaining  42 
craters  are  being  interpreted  as  impact  craters.  Rather,  the  count  is 
a probable  upper  limit  on  the  number  of  impact  craters  in  this  re^gion 
and  corresponds  to  a number  density  of  0.8  craters  per  10  km. 
Comparing  this  with  the  average  density  of  1.3  per  106km  for  probable 
impact  craters  greater  than  8 km  in  diameter  obtained  for  the  northern 
most  quarter  of  the  planet  from  the  Venera  15/16  data(10)  indicates  that 
the  density  of  impact  craters  measured  from  the  Venera  15/16  images  may 
not  be  representative  of  the  planet  as  a whole.  A size -frequency 
distribution  has  been  obtained  for  the  42  craters  identified  in  the 
Arecibo  images  of  the  southern  hemisphere  and  this  is  shown  in  Fig.  1 
in  comparison  with  a similar  plot  obtained  from  the  Venera  15/16  data 
for  northern  latitudes.  For  diameters  larger  than  approximately  30  km, 
the  curves  indicate  similar  crater  retention  ages.  However,  at  smaller 
diameters  there  appears  to  be  a significant  deficiency  of  craters  in  the 
southern  hemisphere  compared  with  the  north. 
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Figure  1.  Comparison  of  the  size-frequency  distributions  for  the  42 
craters  observed  in  50.106km2  of  the-'  southern  hemisphere  with  the 
° radar  system  and  for  the  146  craters  observed  from  the  Venera 
15/16  spacecraft  over  115.106km2  at  latitudes  north  of  30*N.  The  10®  and 
10  year  isochrons  shown  for  comparison  are  based  on  the  lunar  impact 
rate  derived  by  Hartmann(ll) . 
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VENUS  CRUSTAL  FORMATION  AND  EVOLUTION:  AN  ANALYSIS  OF  TOPOGRAPHY  AND  CRUSTAL 
THICKNESS  VARIATIONS 

James  W.  Head,  Department  of  Geological  Sciences,  Brown  University,  Providence  RI  02912 

Morgan  and  Phillips  ^ tested  the  hypothesis  that  conductive  heat  loss  is  an  efficient  heat  loss  mechanism 
and  showed  that  most  of  the  topography  of  Venus  (about  93%)  could  result  from  spatially  varying  thermal 
expansion  in  response  to  spatially  varying  heat  flow  (hot  spots).  They  proposed  that  the  remaining 
topography  (at  high  elevations)  could  be  accounted  for  by  crustal  thickness  variations.  In  this  study  the 
complementary  hypothesis  that  the  topography  of  Venus  could  result  largely  from  crustal  thickness  variations 
is  tested.  Existing  data  for  Venus  (composition,  hypsometry,  regional  topography,  regional  slopes, 
geology)  are  consistent  with  a basaltic  crust  with  a wide  range  of  thickness  for  the  planet  as  a whole,  but  a 
narrow  range  in  terms  of  crustal  thickness  frequency  distribution,  with  the  vast  majority  of  the  planet  having 
crustal  thicknesses  within  ±5  km  of  the  mean  value. 

CRUSTAL  THICKNESS:  On  the  basis  of  observed  wavelengths  of  tectonic  features  combined  with  theoretical 
models  of  deformation  of  the  lithosphere,  Zuber2  developed  constraints  on  the  near-surface  thermal  gradient, 
and  using  rheological  models  of  the  crust  and  upper  mantle,  estimated  the  thickness  of  the  crust.  For  a range  of 
geologic  features  primarily  in  the  lowlands  and  rolling  plains,  Zuber2  estimated  an  upper  limit  of  crustal 
thickness  of  30  km,  and  in  a later  study^  which  incorporated  growth  rate  similarity  requirements,  she  refined 
the  upper  limit  of  allowable  crustal  thickness  to  about  20  km.  Using  observed  impact  crater  depths  and  models 
of  viscous  relaxation  of  crater  relief,  Grimm  and  Solomon4  calculated  thermal  gradients  and  derived  upper 
bounds  to  crustal  thickness  of  10-20  km  in  regions  of  low  to  intermediate  elevations.  Larger  values  for  crustal 
thickness  (generally  in  excess  of  100  km)  have  been  proposed  or  are  permissible  on  the  basis  of  1) 
parameterized  convection  models  which  are  subject  to  boundary  or  initial  condition  assumptions,  2)  apparent 
depths  of  compensation  of  long  wavelength  topography  which  are  thought  to  be  overestimates  due  to 
components  of  dynamic  compensation,  and  3)  the  depth  of  the  basalt/eclogite  phase  change  which  is 
applicable  only  as  an  upper  limit.  Although  these  higher  estimates  cannot  be  ruled  out,  crustal  thicknesses  in 
the  Venus  lowlands  and  rolling  uplands  seem  more  likely  to  lie  in  the  range  of  less  than  about  20-30  km,  on 
the  basis  of  the  analyses  cited  above. 

CRUSTAL  THICKNESS  VARIATIONS:  Venus  terrain  and  topography  can  be  subdivided  into  lowlands  and 
rolling  plains,  upland  plateaus,  and  highlands.  Geologic  evidence,  such  as  the  presence  of  orogenic  belts^  and 
compressional  deformation  in  Ishtar  Terra**,  is  consistent  with  most  of  the  highest  topography  being  due  to 
variations  in  crustal  thickness.  Geologic  evidence  leading  to  reasonable  hypotheses  for  the  origin  of  other 
regions  of  intermediate  to  high  topography  (the  tessera  terrain)  are  also  consistent  with  crustal  thickness 
variations^,  although  not  uniquely  so.  Geologic  evidence  indicates  that  a portion  of  Venus  (primarily  the 
Equatorial  Highlands)  is  the  site  of  extensional  deformation8  and  that  the  topography  can  be  explained  by  a 
combination  of  crustal  thickness  variations  (plateaus)9  and  thermal  sources  (broad  rise)1*10.  Although  crustal 
thickness  is  not  uniquely  determined,  abundant  evidence2*4  points  to  a crustal  thickness  for  the  Venus 
lowlands  of  less  than  about  20  km.  Using  these  observations  and  interpretations,  a simple  model  of  Airy 
isostasy  using  global  Venus  topography  can  assess  the  potential  significance  of  crustal  thickness  variations 
in  explaining  the  topography  of  Venus.  The  distinctive  unimodal  hypsometric  curve  can  be  expained  by:  1)  a 
crust  of  relatively  uniform  thickness  (less  than  20  km  thick)  comprising  over  75%  of  the  surface,  2)  local 
plateaus  (tessera)  of  thickened  crust  (about  20-30  km)  forming  <15%  of  the  surface,  3)  regions  (Beta,  Ovda, 
Thetis,  Alla  Regiones  and  Western  Ishtar  Terra)  forming  <10%  of  the  surface  showing  30-50  km  modelled 
crustal  thickness,  which  can  be  explained  on  the  basis  of  geologic  observations  as  combinations  of  crustal 
thickening  (plateaus)  and  thermal  effects,  and  4)  areas  in  which  Airy  isostasy  predicts  crustal  thicknesses  in 
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excess  of  50  km  (the  linear  orogenic  belts  of  Western  Ishtar  Terra).  It  is  concluded  that  crustal  thickness 
variations  linked  to  crustal  formational  and  modificational  processes  can  account  for  the  vast  majority  of  the 
observed  topography.  Regional  variations  in  heat  flux  (lithospheric  thickness  variations)  are  very  significant 
locally,  as  along  the  rise  crest  of  the  Equatorial  Highlands.  More  subtle  thermal  variations  (e.g.,  very  broad 
low  thermal  rises  analogous  to  the  Pacific  superswell^,  and  the  flanks  of  spreading  centers  between  rise  crest 
and  thermal  equilibrium  )^  can  also  obviously  contribute  to  variations  in  topography.  Gravity  and  topography 
data  from  Magellan  will  permit  the  further  delineation  of  the  contributions  of  thermal  effects  and  crustal 
thickness  variations  for  local  regions. 

The  most  significant  factors  in  accounting  for  the  differences  in  the  hypsometric  curves  between  Venus  and 
Earth  appear  to  be  related  to  crustal  thickness  variations  and  their  distribution  on  Venus  and  Earth.  ^ These 
factors  include:  1)  the  larger  percentage  of  continental  crust  on  the  Earth  (41%)  relative  to  highland  crust  on 
Venus  (<10% ),  2)  the  greater  average  thickness  of  Earth’s  continental  crust  (about  40  km)  relative  to  Venus 
uplands  and  highlands  (about  30-35  km);  3)  the  greater  average  thickness  of  the  Venus  lowland/rolling  upland 
crust  (about  15  km)  relative  to  the  Earth's  oceanic  crust  (5-6  km);  4)  the  greater  percentage  of  lowland/rolling 
upland  crust  on  Venus  (about  75%)  relative  to  oceanic  crust  on  Earth  (59%);  and  most  importantly,  4)  the 
greater  contrast  in  average  thickness  difference  between  the  crusts  of  the  two  terrains  on  Earth  (5/40  = 35  km) 
and  Venus  (about  15/30  =15  km),  about  20  km  difference  between  Venus  and  Earth.  This  latter  factor  appears 
to  cause  the  fundamental  separation  of  the  two  peaks  on  Earth  relative  to  Venus.  ^ The  average  compositional 
difference  between  the  continental  crust  and  the  oceanic  crust  on  the  Earth  contributes  only  about  20%  of  the 
separation  between  peaks  on  Earth,  but  is  not  as  important  a factor  as  the  crustal  thickness  differences,  which 
contribute  about  80%  of  the  elevation  difference. 

CRUSTAL  FORMATION  AND  EVOLUTION:  As  yet  not  uniquely  determined  is  the  mechanism  or  mechanisms 
for  crustal  formation  and  evolution.  Impact-related  early  crustal  differentiation  seems  unlikely  because  of  the 
young  age  of  the  surface  of  Venus  observed  thus  far.  A crust  of  impact  origin  buried  by  subsequent  vertical 
differentiation  and  volcanic  flooding  requires  at  least  6-8  km  thickness  of  lava  to  obscure  the  early  record  of 
impact  craters  and  basins.  Such  a process  would  require  that  the  present  crust  is  primarily  the  result  of  vertical 
differentiation  processes.  Presently  observed  rates  of  resurfacing  (4  km/b.y.)^  are  sufficient  to  obscure  such 
an  early  crust,  but  the  early  impact-derived  crust  must  be  very  thin  (<5-10  km)  if  the  total  average  crustal 
thickness  is  less  than  20  km. 

Vertical  differentiation  processes  are  plausible  mechanisms  for  the  formation  and  evolution  of  the  observed 
crust.  If  such  processes  are  the  dominant  mechanism,  then  some  implied  crustal  growth  rates  are  (in  average 
thickness  and  volumes)  24  km/b.y.  (1-2  km^/yr)  for  a crust  produced  by  surface  volcanism,12.13  at  least  9-18 
km/b.y.  (4.5-9  km^/yr)  for  crustal  thicknesses  limited  by  melting,  and  at  least  17  km/b.y.  (8.5  km^/yr)  for  a 
crustal  thickness  limited  by  negative  buoyancy.  Vertical  differentiation  models  require  abundant  local 
volcanic  sources  which  vary  in  space  and  time,  which  produce  a generally  homogeneous  crustal  thickness,  and 
which  permit  sufficient  lateral  crustal  movement  to  yield  the  observed  orogenic  belts  and  regions  of 
compressional  deformation.  If  vertical  differentiation  processes  are  in  fact  the  predominant  mechanism  for 
production  of  the  crust  on  Venus,  then  the  estimates  of  present  average  crustal  thickness  of  less  than  about  20 
km  discussed  above  constrain  vertical  differentiation  models.  Models  which  invoke  crustal  thicknesses 
limited  by  basal  melting  (about  40-80  km)  or  negative  buoyancy  (about  75  km)  are  not  consistent  with  the  <20 
km  crustal  thickness  number.  Rates  for  vertical  recycling  models  based  solely  on  addition  of  surface  volcanic 
deposits  12,13  (i_2  km^/yr)  could  produce  the  presently  observed  crust  over  the  history  of  the  planet. 

However,  this  would  require  that  essentially  no  crust  has  been  recycled,  and  that  surface  volcanic  deposits  are 
by  far  the  major  contribution  to  the  crust.  This  seems  unlikely  because  underplating  and  intrusion  usually 
dominate  volumetric  ally  over  extrusion  (the  ratio  of  intrusion  to  extrusion  for  Earth  is  about  5:1  for  oceanic 
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regions  and  about  10:1  for  continental  regions^).  In  order  for  this  model  to  be  viable,  it  would  require  that 
the  average  volcanic  flux  on  Venus  in  the  past  be  considerably  less  than  2 knvfyyr,1^  or  that  some  type  of 
crustal  recycling  take  place.  The  average  crustal  thickness  of  less  than  about  20  km  would  seem  to  rule  out 
global  vertical  crustal  recycling  by  melting  or  negative  buoyancy,  and  presents  several  problems  for  models  of 
vertical  resurfacing,  requiring  anomalously  low  early  resurfacing  rates  or  an  unspecified  method  of  crustal 
recycling. 

Crustal  spreading  models  provide  a mechanism:  1)  to  produce  a geologically  young  global  crust  of  less  than 
about  20  km  thickness  (about  15  km  average  thickness10),  2)  to  produce  Icelandic-like  plateaus  of  locally 
thickened  crust^,  3)  to  explain  the  generally  extensional  deformation  of  the  regions  where  a thermal 
component  to  topography  seems  most  likely  (Equatorial  Highlands)^,  and  4)  to  move  the  crust  and  plateaus 
laterally  to  produce  the  observed  areas  of  convergence,  erogenic  belts,  and  compressional  deformation. 

Crustal  spreading  models  require  that  crustal  recycling  is  taking  place  at  zones  of  convergence  and  crustal 
thickening,  and  require  the  identification  of  areas  of  crustal  loss  in  addition  to  the  presently  observed  regions 
of  orogenic  belts. 

SUMMARY  AND  CONCLUSIONS:  It  is  concluded  that  Venus  hypsometry  can  be  reasonably  explained  by  a 
global  crust  of  generally  similar  thickness  with  variations  in  hypsometry  being  related  to:  1)  crustal 
thickening  processes  (orogenic  belts  and  plateau  formation)  and  2)  local  variations  in  the  thermal  structure. 
Vertical  differentiation  and  crustal  spreading  processes  are  the  most  likely  candidates  for  the  formation  and 
evolution  of  the  crust,  and  there  is  abundant  evidence  that  both  have  been  operating  in  recent  geologic 
history. Of  these  two,  crustal  spreading  processes  are  interpreted  to  be  most  consistent  with  the 
observations  derived  from  presently  available  data.  Determination  of  the  exact  proportion  of  the  topography 
of  Venus  that  is  due  to  the  thermal  effects1  and  crustal  thickness  variations  (discussed  here),  and  determination 
of  the  type  of  crustal  thickening  processes  operating,  must  await  new  data  and  further  study.  In  particular, 
global  imaging  data  showing  the  age  of  the  surface,  the  distribution  and  age  of  regions  of  high  heat  flux,  and 
evidence  for  the  global  distribution  of  processes  of  crustal  spreading  and  crustal  loss,  would  permit  better 
estimates  of  this  proportion.  Together  with  geological  data  derived  from  images,  global  gravity  and 
topography  data  would  permit  modelling  of  crustal  thickness  variations  and  thermal  contributions  and  tests  of 
the  various  concepts  of  crustal  growth,  which  would  lead  to  regional  understanding  of  these  processes,  and 
assessments  of  their  contribution  to  the  global  values. 

References:  1)  P.  Morgan  and  R.  Phillips  (1983)JGFL  8305;  2)  M.  Zuber  (1987)  JGR,  22,  E541,  3)  M. 

Zuber  and  E.  Parmentier  (1989)  Icarus,  in  press;  4)  R.  Grimm  and  S.  Solomon  (1988)  JGR,  22*  11911;  5)  L. 
Crumpler  et  al  (1986)  Geology.  14,  1031;  6)  R.  Vorder  Bruegge  and  J.  Head  (1989)  GRL.  16,  699;  7)  D. 
Bindschadler  and  J.  Head  (1989)  Models  for  the  origin  and  evolution  of  tessera  terrain,  Venus,  submitted  to 
JGR;  8)  G.  Schaber  (1982)  GRL.  2,  499;  9)  J.  Head  and  L.  Crumpler  (1987)  Science.  2 2&*  l380'*  10)  c*  Sotin  et 
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et  al,  ed..  AGU,  25;  12)  R.  Grimm  and  S.  Solomon  (1987)  GRL.  H,  538;  13)  B.  Fegley  and  R.  Prinn  (1989) 
Nature,  337,  £5;  14)  J.  Crisp  (1984)  J.  Vol.  Geotherm.  Res,,  22,  177;  15)  D.  Campbell  et  al  (1989)  Science, 
246.  373;  16)  J.  Head  (1990)  Venus  hypsometric  curve:  An  assessment  of  its  components  and  comparison  to 
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A Model  for  the  initiation  of  Subduction,  with  Results  for  Venus 
D.L.  Herrick  and  E.M.  Parmentier,  Division  of  Geological  Sciences,  Box  1846, 
Brown  University,  Providence,  Rl  02912 


Plate  tectonics  requires  that  the  generation  of  new  lithospheric  material  at  spreading  centers  be 
balanced  by  consumption  of  the  lithosphere  at  subduction  zones.  While  the  dynamics  of  an  extant 
system  of  plate  tectonics  are  rather  well  understood  (Forsyth  and  Uyeda,  1975),  the  means  of 
inception  of  plate  motions  are  less  clear.  Crustal  production  via  mantle  upwellings  at  mid-ocean  ridges 
or  lithospheric  hotspots  is  possible  for  a one-plate  planet  (for  example,  Mars  or  the  early  Earth),  and 
the  thermal  subsidence  of  this  material  provides  both  a gravity  spreading  force  that  causes  lateral 
migration,  and  a density  increase  that  promotes  an  approach  toward  negative  buoyancy.  In  the  case  of 
the  Earth,  the  compressive  stresses  associated  with  lithospheric  spreading  forces  have  acted  in 
concert  with  the  density  increase  to  cause  nucleation  and  development  of  zones  of  subduction. 
However,  theoretical  analyses  of  the  initiation  process  for  subduction  (for  example,  McKenzie,  1976) 
suggest  that  the  forces  promoting  the  return  of  material  to  the  interior  are  at  the  outset  outweighed  by 
interplate  friction  and  the  elastic  restoring  force  associated  with  plate  flexure.  Because  these  forces 
which  resist  subduction  initially  exceed  the  driving  forces,  the  presence  of  terrestrial  subduction  zones 
indicates  a deficiency  in  our  theoretical  understanding  of  the  factors  involved  in  initiating  subduction. 

The  present  study  expands  upon  McKenzie's  conceptual  approach  to  modelling  the  relative 
magnitudes  of  the  driving  and  resisting  forces  associated  with  a lithospheric  slab  attempting  to  subduct. 
The  thermal  lithosphere  is  assumed  to  consist  of  a basaltic  crust  and  the  upper  portion  of  a peridotite 
mantle.  The  crust  is  further  divided  into  gabbro,  granulite,  and  eclogite  phases  with  increasing  depth. 
Superposition  of  an  error  function  temperature  profile  on  this  structure,  with  due  allowance  for 
density  changes  as  a result  of  thermal  expansion,  permits  the  numerical  computation  of  a lithostatic 
pressure  profile,  which  may  be  combined  with  the  thermal  model  to  yield  the  depths  of  crustal  phase 
changes.  It  is  then  possible  to  determine  the  mean  density  of  the  thermal  lithosphere,  which  is 
compared  with  the  density  of  the  asthenosphere  immediately  below  it  in  order  to  assess  the  relative 
buoyancy  of  the  lithosphere.  Negative  lithospheric  buoyancy  is  a minimum  requirement  for  the 
initiation  of  subduction.  The  results  of  this  calculation,  for  a variety  of  total  crustal  thicknesses  and 
lithospheric  cooling  ages,  are  shown  in  Figure  1 for  the  case  of  the  planet  Venus.  Since  the  question  of 
whether  Venus  has  a system  of  plate  tectonics  is  still  unresolved,  we  feel  that  a first  application  of  the 
model  to  this  planet  is  most  appropriate.  Applications  to  the  Earth  and  other  planets  will  be  made  in  the 
near  future. 

The  forces  incorporated  into  our  model  of  subduction  are  illustrated  schematically  in  Figure  2.  Each 
can  be  classified  as  either  a driving  or  a resisting  force  with  respect  to  the  initiation  of  subduction. 
Figure  3 shows  (again  for  Venus)  how  the  sum  of  the  driving  stresses  compares  with  the  sum  of  the 
resisting  stresses  as  a function  of  the  amount  of  plate  that  has  been  subducted.  Note  that  the  resisting 
stresses  exceed  the  driving  stresses  at  every  stage  of  the  subduction  process.  This  turns  out  to  be  the 
case  for  any  reasonable  cooling  age  and  crustal  thickness  that  we  might  consider.  The  conclusion  to  be 
drawn  is  that  the  contribution  of  lithostatic  pressure  to  the  frictional  stress  at  the  plate  interface 
prohibits  the  initiation  of  subduction,  and  thus  the  development  of  plate  tectonics,  on  Venus  under  any 
circumstances.  However,  since  this  model  would  predict  a similar  fate  for  the  Earth,  we  are  forced  to 
rethink  the  contribution  of  lithostatic  pressure  to  the  interplate  shear  stress. 

McKenzie  (1976)  took  the  effective  shear  stress  between  the  plates  to  be  0.1  kbar,  based  on  the 
maximum  stress  drops  measured  in  terrestrial  earthquakes.  If  we  adopt  this  value  for  Venus,  the 
results  are  as  indicated  in  Figure  4.  Because  it  is  not  clear  that  a shear  stress  of  0.1  kbar  is 
appropriate  for  Venus,  perhaps  a better  approach  to  this  problem  would  be  to  determine  the  largest 
shear  stress  that  could  act  on  the  fault  between  the  plates  without  allowing  the  resisting  stresses  ever 
to  exceed  the  driving  stresses  and  thus  pinch  off  the  subduction  process.  In  the  case  of  Figure  4,  this 
maximum  allowable  shear  stress  would  be  about  0.25  kbar.  Contours  of  this  parameter  are  plotted  in 
Figure  5 as  a function  of  cooling  age  and  crustal  thickness. 

Several  avenues  of  inquiry  concerning  this  model  will  be  pursued  in  the  coming  weeks.  One  is  the 
effect  of  asthenospheric  shear,  which  could  act  as  either  a driving  or  a resisting  force  depending  on 
whether  convection  is  taken  to  be  a cause  or  a consequence  of  plate  tectonics.  Once  this  force  is 
incorporated,  calculations  of  the  requirements  for  the  development  of  subduction  zones  will  be  extended 

14 


crustal  thickness  (km) 


from  Venus  to  the  Earth,  and  ultimately  to  other  large  solid  bodies  in  the  solar  system.  It  is  important 
that  our  model  demonstrate  not  only  the  feasibility  of  plate  tectonics  for  the  Earth  (and  perhaps  Venus), 
but  also  the  difficulty  of  initiating  subduction  on  other  planets.  Finally,  we  plan  to  assess  the  effects  of 
crack  propagation  theory  on  our  results.  If  the  driving  forces  of  subduction  are  sufficient  to  initiate 
the  process  along  a short  segment,  the  relative  vertical  motion  would  produce  stress  concentrations  at 
the  tips  of  the  segment.  In  this  manner  a tearing-mode  propagation  of  the  subduction  zone  parallel  to  its 
axis  might  result  at  an  energy  cost  significantly  less  than  for  a simultaneous  initiation  of  subduction 
along  the  entire  mature  length  of  the  trench.  This  scenario  would  prove  especially  attractive  if  the 
present  model  still  cannot  account  for  the  initiation  of  terrestrial  subduction. 
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Figure  1 (left).  Buoyant  tendency  of  the  thermal 
lithosphere  of  Venus  as  a function  of  crustal  thickness 
and  lithospheric  cooling  age.  Note  that  crustal  thick- 
nesses in  the  range  of  25-50  km  remain  quite  buoyant 
for  a long  time  and  thus  greatly  inhibit  subduction  of 
the  lithosphere  as  a whole.  This  reflects  a maximum 
contribution  from  low-density  gabbroic  crust  to  the 
buoyancy  of  the  slab. 

Figure  2 (below).  Stresses  acting  on  the  plates  in  the 
zone  of  convergence.  Driving  forces  include  the  grav- 
ity spreading  force  associated  with  a distant  thermal- 
ly elevated  region,  slab  pull  due  to  both  thermal  and 
phase-change  sources  of  positive  density  contrast 
with  the  asthenosphere,  and  an  isostatic  contribution 
resulting  from  the  excess  thickness  of  negatively 
buoyant  lithosphere  in  the  region  of  plate  overlap. 
Subduction  is  resisted  by  elastic  restoring  forces  and 
by  friction  at  the  interface  between  the  two  plates. 

The  primary  contributor  to  this  frictional  stress  is 
the  lithostatic  overburden  imposed  by  the  overriding 
plate,  with  minor  contributions  from  the  gravity 
spreading  and  elastic  forces,  and  a small  negative 
contribution  from  slab  pull. 
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Figure  3 (left).  Total  driving  and  resisting  stresses  versus  plate  convergence  for  a lithospheric  cooling 
age  of  600  Ma  and  a crustal  thickness  of  20  km.  The  primary  contribution  to  the  driving  stress  is  the 
gravity  spreading  force,  which  remains  constant  with  the  amount  of  subducted  lithosphere.  The 
resistance  to  subduction  is  dominated  by  the  lithostatic  contribution  to  the  interplate  friction.  As  one 
plate  overrides  the  other,  the  lithostatic  pressure  at  the  plate  contact  increases  in  proportion  to  the 
integrated  column  density  of  material  above  it.  The  pressure  levels  off  after  the  full  topography  of  the 
subduction  zone  has  been  built  up.  For  the  3 km  trench  and  10  degree  dip  angle  illustrated  in  Figure  2, 
this  transition  occurs  after  34  km  of  plate  has  been  subducted.  Note  that  the  resisting  stresses  exceed 
the  driving  stresses  at  every  stage  of  the  subduction  process. 


length  of  underthrust  (km)  length  of  underthrust  (km) 

Figure  4 (right).  Same  as  Figure  3,  but  with  shear  stress  fixed  at  0.1  kbar.  The  driving  stress  is 
unchanged,  whereas  the  resisting  stress,  initially  equal  to  the  specified  0.1  kbar,  increases  because  of 
the  growing  work  done  against  elasticity  in  bending  the  plates,  and  then  levels  off  as  before  when  the 
mature  geometry  of  the  system  has  been  attained.  In  this  example  (600  Ma  cooling  age,  20  km  crust), 
the  driving  stress  always  exceeds  the  resisting  stress,  and  a subduction  zone  can  therefore  become 
established. 


Figure  5 (left).  Largest  possible  interplate  shear 
stress  (in  kilobars)  that  would  still  permit  initiation  of 
subduction,  plotted  as  a function  of  crustal  thickness 
and  cooling  age.  For  points  lying  to  the  left  of  the  zero 
contour,  the  driving  stress  (primarily  gravity 
spreading  stress)  is  insufficient  to  prevent  the  im- 
mediate or  eventual  superiority  of  the  resistive  elas- 
tic bending  stress  even  in  the  case  of  free  slip.  Crus- 
tal thicknesses  from  about  25  to  50  km  again  prove  to 
be  the  most  difficult  to  subduct. 


cooling  age  (Mo) 
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BASALTIC  CRUST  GENERATION  ON  VENUS 

R.J.  Phillips  and  R.E.  Grimm,  Department  of  Geological  Sciences,  Southern 
Methodist  University,  Dallas,  TX  75275. 


Introduction.  Terrestrial  basaltic  magmas  are  generated  at  divergent 
plate  margins  by  pressure-release  partial  melting  of  ascending  mantle  material. 
A by-product  of  this  melting  is  a relatively  magnesium-rich  residuum  due  to  the 
preferential  fractionation  of  iron  into  basaltic  magmas.  This  residuum  is  more 
buoyant  them  its  parent  undepleted  mantle  [1,2].  In  the  Earth  s ocean  basins, 
the  residuum  is  attached  to  the  mechanical  plate  and,  along  with  newly-created 
basaltic  crust,  is  moved  away  from  sites  of  partial  melting.  Significant  crustal 
generation  is  ongoing  because  fresh  material  is  continuously  drawn  to  high 

levels  (i.e.,  low  pressure  regions)  of  the  mantle. 

On  Venus,  two  factors  may  inhibit  crustal  generation.  If  the  lithosphere  is 
unable  to  subduct  and  therefore  unable  to  drive  significant  horizontal  motion 
and  lithospheric  divergence,  easy  access  to  the  surface  will  be  lost,  further- 
more, the  residuum  generated  by  partial  melting  may  accumulate  in  the  upper 
mantle,  where  it  is  buoyantly  stable.  If  the  ascending  mantle  cannot  penetrate 
this  residuum,  then  the  melting  process  will  eventually  shut  down  as  the 
residuum  (and  basaltic  crust)  limit  the  minimum  depth  to  which  mantle  can 
rise.  To  first  order,  convection  will  not  penetrate  the  residuum  if  the  chemical 
density  anomaly  of  the  residuum  exceeds  the  thermal  density  anomaly  of  the 
ascending  mantle  material.  Here  we  show  how  this  process  works  and  apply  it 

*°  ^Method.  We  have  combined  a global  parameterized  convection  calculation 
[3]  with  solutions  to  the  differential  equation  for  the  mass  fraction  of  partial 
melting  as  a function  of  temperature  and  pressure  [4,5].  The  lateral  extent  of 
partial  melting  is  governed  by  the  horizontal  velocity  of  an  upper  boundapr 
layer  The  velocity  is  obtained  by  equating  the  heat  delivered  by  convection  to 
the  heat  lost  by  thermal  diffusion  out  of  the  boundary  layer,  assuming  unit 
aspect  ratio  to  the  convection  cell.  The  convecting  temperature  of  the  mantle  is 
obtained  by  integrating  the  energy  conservation  equation  with  time,  and  the 
upper-mantle  temperature  is  obtained  by  extrapolating  upward  along  an 
adiabat.  The  system  was  calibrated  by  finding  the  value  of  A in  li  - 
a exp  (AIT)  for  the  Earth  such  that  at  t = 4.6  Ga,  the  heat  flux  is  84  mW/m^ 
and  the  upper-mantle  temperature  is  1300 JC.  The  value  obtained  for  A is 
65  000  K with  u = 165  m2s  '.  For  Venus,  0.6  Ma  passes  before  basaltic  crust  is 
allowed  to  accumulate,  supposing  that  it  would  be  remixed  into  the  mantle  be- 
fore that.  The  crustal  accumulation  will  be  only  modestly  diminished  it  the 
starting  point  is  moved  forward  in  time.  At  each  5 Ma  increment,  the  amount  of 
accumulated  crust  and  residuum  is  calculated,  heat  sources  are  preferentially 
removed  from  the  mantle,  and  the  outer  radius  of  the  convecting  mantle  is  reset 
according  to  the  crust  and  residuum  thicknesses.  We  assume  that  heat  can  dif- 
fuse from  the  crust  at  the  same  rate  it  is  delivered,  so  that  the  temperature  1L 
at  the  top  of  the  boundary  layer  does  not  build  up.  A simple  diffusion  calcula- 
tion shows  that  this  is  true  to  first  order,  and,  in  any  event,  the  crustal  ac- 
cumulation is  insensitive  to  TL  (Figure  1).  ....  n tt  * . l 

Results.  Figure  1 shows  the  results  of  our  calculations  for  Venus  with 
varying  values  of  T,.  Each  calculation  was  run  until  the  change  in  crustal 
thickness  in  a 5-Ma  increment  was  less  than  10  m.  As  expected,  the  process 
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shuts  down,  here  at  about  16  km  of  crust  and  in  about  100  Ma.  The  tempera- 
ture Tl  affects  the  rate  of  crustal  buildup  but  has  only  a small  influence  on  the 
asymptotic  value.  Higher  temperatures  lead  to  faster  buildup. 

In  Figure  1 it  was  assumed  the  mantle  did  not  penetrate  the  residuum  at 
all.  In  Figure  2,  we  compare  for  TL  = 1300  K,  the  effects  of  0%,  25%,  and  50% 
penetration.  That  is,  this  is  the  fraction  of  residuum  that  is  entrained  in  the 
convective  flow  and  does  not  stabilize  at  the  top  of  the  mantle.  For  50%  as- 
similation, a 40-km-thick  crust  accumulates  in  300  Ma. 

Discussion.  The  residuum  density  can  be  calculated  from  the  mass  frac- 
tion of  partial  melt  [6],  The  magnitude  of  the  average  density  contrast  is  at  a 
maximum  early  in  the  melting  sequence,  when  most  of  the  magma  is  being  gen- 
erated. For  Tl  * 1300  K,  the  average  residuum  density  contrast  Apc  for  the  first 
10  of  16  km  is  16  kg  nr3.  For  a coefficient  of  thermal  expansion  a = 3 x 10  5 K1, 
this  corresponds  to  a thermal  density  contrast  of  about  160  K.  In  an  internally- 
heated  mantle,  the  temperature  contrast  of  ascending  material  might  be  less 
than  100  K.  Whole-mantle  plumes  might  have  temperature  anomalies  in  excess 
of  300  K [7],  reflecting  the  hot  boundary  layer  at  the  core-mantle  interface. 
Thus  in  the  calculations  here,  plumes  would  penetrate  the  residuum,  but  pos- 
sibly not  the  upper  part  if  the  residuum  is  stably  stratified.  On  Earth,  hot 
rising  mantle  plumes  are  predicted  to  generate  large  amounts  of  basalt  [8].  Our 
calcinations  show  that  increasing  the  upper-mantle  temperature  from  the  mean 
convecting  temperature  (as  might  be  expected  in  a plume)  will  not  have  strong 
effect  on  the  final  crustal  thickness:  with  higher  temperatures  both  thicker 
crust  and  thicker  residuum  will  be  generated,  leading  to  a shutdown.  For  ex- 
ample, a 200J  increase  in  upper-mantle  temperature  leads  to  a crustal  thick- 
ness of  23  kilometers  for  T,  = 1300  K and  a 300J  difference  will  actually 
decrease  the  final  crustal  thickness.  We  have  not  taken  into  account  the  role  of 
melting  in  removing  heat  from  the  boundary  layer.  This  effect  would  lower  the 
horizontal  velocity  of  the  layer  and  decrease  tne  lateral  extent  of  melt,  which 
will  decrease  the  average  crustal  thickness.  The  residuum  density  contrast 
estimates  may  increase  when  this  effect  is  considered. 

Conclusions.  Because  of  various  assumptions  and  approximations  used  at 
this  point,  the  absolute  magnitudes  of  the  numbers  in  Figure  1 and  2 should  not 
be  taken  too  seriously.  The  results  do  show,  however,  the  self-limiting  nature  in 
basaltic  crustal  generation  on  a planet  without  seafloor  spreading.  Clearly,  the 
most  sensitive  parameter  here  is  the  fraction  of  assimilation  of  residuum  into 
the  convecting  mantle.  Future  work  will  include  a quantitative  look  at  penetra- 
tion of  the  residuum  by  convection,  as  well  as  the  stability  of  the  residuum. 

References.  [1]  O’Hara,  M.J.,  Nature,  253,  708,  1975;  [2]  Jordan,  T.H.,  in 
Boyd  et  al.,  (eds.),  The  Mantle  Sample:  Inclusions  in  Kimberlites  and  Other  Vol- 
canics,  AGU,  1,  1979;  [3]  Phillips,  K.J.,  and  M.C.  Malin,  in  Hunten  et  al.  (eds.), 
Venus,  159,  1983;  [4]  McKenzie,  D.P.,  J.  Petrol.,  25,  713, 1984;  [5]  McKenzie  D., 
and  M.J.  Bickle,  J.  Petrol.,  29,  625,  1988;  [6]  Finnerty,  A.A.  et  al.,  JGR,  93, 
10225, 1988;  [7]  Richards,  M.A.,  and  B.H.  Hager,  JGR,  93,  7690, 1988;  [8]  White 
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GLOBAL  MANTLE  CONVECTION  PLANFORM  PATTERN  FOR  VENUS 
R.R.  Herrick,  and  R.J.  Phillips,  Department  of  Geological  Sciences,  Southern 
Methodist  University,  Dallas,  TX  75275 


Introduction.  Recent  work  [1,2]  has  suggested  that,  for  a fairly  robust  set 
of  conditions,  the  pattern  of  mantle  convection  for  an  Earth-sized  planet  should 
be  that  of  isolated  upwellings  amidst  an  interconnected  network  of  sheetlike 
downwellings.  Because  it  has  been  argued  that  long-wavelength  topography  on 
Venus  reflects,  at  least  in  part,  the  effects  of  mantle  convection  [3],  this  planet 
may  be  an  ideal  place  to  examine  this  concept  despite  the  lack  of  seismic  in- 
formation. We  have  tested  this  idea  by  constructing  a model  that  assumes  that 
the  Venusian  long-wavelength  topography  and  gravitational  potential  are 
caused  by  density  anomalies  due  to  convection  and  near-surface  effects.  Near- 
surface effects  may  include  crustal  thickness  variations,  lithospheric  density  or 
temperature  anomalies,  etc.,  but  will  hereafter  be  lumped  into  the  term  "crustal 
thickening".  At  the  long  wavelengths  used,  near-surface  effects  cannot  be 
resolved  from  one  another  with  the  available  data.  Using  inversion  techniques, 
we  have  transformed  spherical  harmonic  models  of  the  Venusian  topography  [4] 
and  gravitational  potential  [5]  into  global  maps  of  crustal  thickening  ana  the 
mantle  convection  pattern.  These  maps  can  be  used  further  to  identify  large- 
scale  topographic  features  that  are  dynamically  maintained. 

Procedure.  Crustal  thickening  can  be  represented  by  variations  in  surface 
density  on  a spherical  shell  located  at  the  mean  depth  of  the  base  of  the  crust 
(assumed  to  be  15  km  below  mean  planetary  radius  [6]).  Assuming  Airy 
isostasy,  a simple  linear  relationship  exists  between  the  spherical  harmonic 
coefficients  (SHCs)  of  the  crustal  shell  and  those  of  the  resulting  topography 
and  potential  [7],  For  the  potential  this  relationship  is  different  for  each  spheri- 
cal harmonic  degree.  A crustal  density  of  2900  kg/m3  was  assumed. 

Most  of  the  contribution  to  dynamically  supported  topography  and  geoid  sig- 
nals comes  from  density  structure  due  to  mantle  temperature  anomalies  associ- 
ated with  the  upper  boundary  layer  of  convection  [8].  Thus  we  represent 
mantle  contribution  to  the  geoid  and  topography  by  a second  shell  of  varying 
surface  density  placed  at  an  appropriate  depth  in  the  upper  mantle.  In  the  cal- 
culations a depth  of  200  km  was  used.  We  follow  previous  work  [9,10]  that  has 
solved  simplified  forms  of  the  Navier-Stokes  equations  to  develop  equations  for 
kernels  that  relate  the  SHCs  of  the  shell  to  the  surface  gravitational  potential 
and  the  geoid  to  topography  ratio.  The  model  assumes  that  the  mantle  is  a 
Newtonian,  incompressible  viscous  fluid.  The  core  is  assumed  to  be  inviscid  and 
a free-slip  condition  is  used  at  the  core-mantle  boundary.  The  core  was  as- 
signed a radius  of  3300  km  and  a density  of  9900  kg/m3.  The  mantle  was  as- 
sumed to  be  isoviscous  with  a viscosity  of  1.0  x 1021  Pa  s and  was  assigned  a 
density  of  4400  kg/m3.  A value  of  8.87  m/s2  was  used  for  gravitational  accelera- 
tion throughout  the  mantle.  The  calculated  kernels  were  used  to  develop  a 
linear  relationship  between  the  SHCs  of  the  mantle  shell  and  the  SHCs  of  the 
topography  and  potential  field.  This  relationship  is  different  for  each  spherical 
harmonic  degree. 

The  result  is  that  for  each  spherical  harmonic  degree  a 2 x 2 matrix  relates 
the  two  SHCs  of  the  surface  density  shells  to  the  SHCs  of  the  topographic  and 
potential  fields.  We  inverted  each  of  these  matrices  and  multiplied  by  the  SHCs 
of  the  topography  and  gravitational  potential  to  calculate  the  SHCs  for  the  crus- 
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tal  thickening  and  mantle  convection  shells.  A 5 x 5 degree  grid  spacing  was 
used  to  produce  the  global  maps  to  degree  and  order  10  of  crustal  thickening 
and  upper  mantle  density  pattern  shown  in  Figures  1 and  2.  The  mantle  con- 
vection shell  was  then  forward  transformed  to  produce  SHCs  for  only  the 
dynamic  contribution  to  the  topographic  field.  This  is  shown  in  Figure  3 with 
the  total  topography  to  degree  and  order  10  shown  in  Figure  4 for  comparison. 
The  crustal  thickening  contribution  to  topography  can  be  found  by  dividing  the 
values  in  Figure  1 by  the  negative  of  the  crustal  density. 

Discussion.  The  mantle  flow  field  has  a pattern  of  isolated  upwellings  (un- 
shaded) amidst  an  interconnected  network  of  downwellings  in  reasonably  good 
agreement  with  the  predictions  of  [1]  and  [2].  Figure  3 shows  that  the  only 
large-scale,  high-elevation  features  that  are  predicted  to  be  primarily  dynami- 
cally supported  are  Thetis  (-20N,  130E),  Atla  (ON,  195E)  and  Beta  (30N,  280E) 
Regiones.  Figure  1 shows  that  Ovda  Regio  (-5N,  90E)  and  Ishtar  Terra  (70N, 
0E),  for  example,  appear  to  be  supported  primarily  by  near-surface  effects. 
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DYNAMIC  INVERSION  - MANTLE  SHELL  (200  km) 
C.L  2.0e6  kg/m**2,  positive  shaded 
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Figure  2 


DYNAMIC  TOPOGRAPHY  - OEGREE  & ORDER  10 
Units  km,  elevations  over  1 km  shaded 
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TOTAL  TOPOGRAPHY  - DEGREE  & ORDER  10 
Units  km,  elevations  over  1 km  shaded 
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Figure  3 


Figure  4 


STRESS  ANALYSIS  OF  TELLUS  REGIO,  VENUS,  BASED  ON 
PIONEER  VENUS  ALTIMETRY  AND  GRAVITY  DATA  AND 
COMPARISON  WITH  VENERA  15/16  RADAR  IMAGES. 

David  R.  Williams  and  Ronald  Greeley,  Department  of  Geology,  Arizona  State  University, 
Tempe,  AZ  85287 


The  Tellus  Regio  highland  offers  a unique  opportunity  to  model  the  lithospheric  and 
sublithospheric  structure  on  Venus.  Because  the  region  is  covered  by  the  Venera  15/16 
radar  images  (1,2)  as  well  as  the  Pioneer  Venus  (PV)  altimetry  (3)  and  gravity  (4,5),  a 
comparison  among  these  data  can  be  made.  Furthermore,  Tellus  Regio  is  located  at  the 
southern  margin  of  the  Venera  15/16  coverage,  where  the  PV  altitude  was  still  low  enough 
(300-600  km)  to  allow  for  reasonably  good  resolution  gravity  measurements.  The 
comparison  is  made  using  a lithospheric  model  developed  for  global  stress  calculations  by 
Banerdt  (6),  and  modified  to  incorporate  regional  stresses  (7).  The  stress  distributions 
estimated  from  this  model  are  then  compared  to  the  surface  morphology  revealed  in  the 
Venera  15/16  radar  images  to  constrain  the  relevant  parameters. 

The  first  step  involves  a radargeologic  interpretation  of  Tellus  Regio.  The  highland 
area  consists  generally  of  a gently  sloping  dome  about  1500  km  in  diameter.  A geologic 
sketch  map  has  been  produced  from  this  image,  showing  6 major  units  (see  figure).  The 
dome  field  unit  (df)  at  the  western  edge  of  the  map  is  characterized  by  small  domical  hills 
within  smooth  plains.  The  relatively  featureless  smooth  plains  unit  (ps)  is  in  the  southeast 
and  southwest  map  area.  Embayment  relations  indicate  the  smooth  plains  to  be  relatively 
young.  Complex  plains  (cp),  found  to  the  north,  are  similar  to  the  smooth  plains  except  for 
a more  mottled  appearance.  This  unit  contains  irregular  craterforms,  some  with  associated 
flowlike  features,  interpreted  as  possible  eruptive  centers.  The  highland  area  of  the  map  is 
dominated  by  the  tesserae  unit  (t).  This  unit  is  characterized  by  series  of  parallel  fractures 
which  have  disrupted  the  surface  in  a blocky,  "parquet"  terrain.  The  map  shows  the  major 
structural  trends  within  the  tesserae,  as  well  as  Elliot  Patera,  an  irregular  craterform  mapped 
as  a volcano  (2).  A ridge  belt  unit  (rb)  is  observed  in  the  southwest  corner  of  the  map.  A 
number  of  scarps  cut  across  the  tesserae  on  its  eastern  and  western  margins,  and  appear  to 
have  formed  subsequent  to  the  tesserae  terrain.  They  are  inferred  to  result  from  intrustion 
of  material  along  major  fracture  systems  following  deformation  of  the  tesserae  terrain.  The 
complex  terrain  (dc),  occuring  in  the  northwestern  part  of  the  map,  is  similar  to  the 
complex  plains  with  the  addition  of  "cobweb"-like  radar-bright  features.  Based  on 
emplacement,  cross-cutting  and  superposition,  it  appears  the  oldest  unit  is  the  complex 
terrain,  followed  in  age  by  the  complex  plains,  tesserae  terrain,  ridge  belts,  smooth  plains, 
and  dome  terrain.  The  final  stage  of  tectonic  deformation  appears  to  consist  of  large  scale 
extension,  forming  the  ridge  belts. 

Stress  models  are  calculated  for  comparison  with  the  sketch  map.  The  stress 
distribution  is  calculated  in  two  parts,  a global,  long-wavelength  stress  (harmonic  degrees  / 
< 7)  and  a regional,  shorter  wavelength  stress  (7  < / < 30).  Harmonic  degrees  greater  than 
30  are  beyond  the  resolution  of  the  available  gravity  data.  The  global  stresses  are  solved 
for  using  the  two-level  compensation  model  of  Banerdt  (6).  The  lithosphere  is  assumed  to 
be  a thin,  elastic  spherical  shell,  and  toroidal  stresses  are  ignored.  The  harmonic 
coefficients  for  degrees  1-7  of  PV  topography  (8)  and  equipotential  anomaly  (9)  are  used  to 
calculate  the  net  vertical  load,  equipotential  anomaly  at  the  crust-mantle  boundary,  crustal 
thickness  anomaly,  mantle  density  anomaly,  and  scalar  load  potential.  The  lithospheric 
flexure  w is  assumed  to  be  related  to  the  topography,  H,  by  a degree  of  compensation 
constant,  k:  w=kH.  This  constant  is  one  of  the  free  parameters  in  the  equation  which  can 
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TV!?-1?  07  and,ri!.the  observcd  stress  patterns.  The  other  free  parameters  are  the 
crnsta1  thtekness,  c,  lithospheric  thickness,  L,  and  depth  of  the  mande  to  which  density 

SSSST"' M- FOT  Eiven  vahKS of  p— -tS 

have  been  r^^^ei^oTtw^dimensiOT^I^i^r  coef^iems  of  tihe 

topography  are  calculated  from  the  PV  altimetry.  The  equipotential  anomaly  coefficient  m 
obtained  from  an  inversion  of  the  PV  line-of-sight  (LOS)  gravity  data.  The  Inner  an h chnrt 
wavelength  coefficients  ate  filtered  on,  and  the  degn£  EoS&iS “JSSU « 
cafculated  m a similar  manner  to  the  global  solutions.  Regional  stress  distributions  are  then 
f Cw'  FOT  a *Iven  “ °f  values.  Ute 

STAS'S  a Strc“  <!is,ribu,ion  for  Tellus  Regio  for  hartnonic 
haf^ii,  3,  v5ymg  the  free  parameters  individually  has  shown  that  the  crustal  thickness 
has  negligible. effect  on  the  stress  distribution  for  Tellus  Regio.  Unless  the  mantle  suddou 
k concenttated  close  to  the  surface,  the  depth  of  the  mantle  support  also  has  little  effect 

L^  HOSP  KenC  thi'kness  ™d  dc^e  of  compensation  dohave  a large  effect™ 
the  model  stress  distribution,  however,  and  are  therefore  the  best  constrained  pJameters 

the  best^t^^fnf.T161  Str7S  distributions  the  geologic  sketch  map  shows  that 
the  best  fitoccurs  for  a degree  of  compensation  between  0 and  0.5  ( i.e.  the  lithospheric 

f—r  Zer°ht0  relief)  and  a Uthospheric  thickness  greats  than 

mT  rhTS  dlS0,bf°n  f”  k = 0.3  and  L = 20  km,  oveS,  onthe 
geologic  sketch  map.  The  arrows  show  the  deviatoric  principal  tensional  and 

vSlralSS!?nf  stres*dj’ectlons-  ^ere  only  one  arrow  is  shown,  the  conjugate  stress  is 
fault®  • th  ° C tbC  ®°od  agreement  between  the  tensional  stresses  and  the  ridge  belts  and 
faults  in  the  tesserae  terrain,  The  highland  area  is  underlain  by  anomalously  thick  crnst  ^d 
dense  mantle,  and  the  stresses  are  of  the  order  of  20  to  30  MPa.  The compensXn^s 
nearly  isostatic,  and  is  concentrated  close  to  the  surface.  compensation  is 

featureSBo^J?a?id<,Aeo™toti0SS  °f  Ac  ^ md  **  sumption  that  the  most  recent 

irn^raH  ^ Tk  US  SuCgl°  refl6Ct  ^ present  stress  distribution,  the  following 
interpretation  is  possible.  The  denser  mantle  beneath  Tellus  Regio  represents  a cooler8 
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can  accoun  for  the  observed  surface  features,  inferred  stress  distribution  and  calculated 
dense  mantle  and  thick  crust  below  the  highland  region.  Note  that  tli*  is  SS 
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GRAVITY  ANOMALY  CONSTRAINTS  ON  THE  GEODYNAMICS  OF 
LAKSHMI  PLANUM,  VENUS 

Robert  E.  Grimm  and  Roger  J.  Phillips,  Department  of  Geological  Sciences, 
Southern  Methodist  University,  Dallas,  TX  75275. 


Introduction.  Among  the  highland  regions  on  Venus,  Ishtar  Terra,  in  par- 
ticular the  Lakshmi  Planum  region,  is  unique  and  may  play  a key  role  in  under- 
standing the  geology  of  Venus.  Although  Lakshmi  contains  abundant  volcanic 
features  as  do  other  highlands,  the  mountainous  banded  terrain  bordering  Lak- 
shmi sets  it  apart  from  other  regions.  Gravity  data  can  provide  constraints  on 
the  internal  processes  responsible  for  these  differences.  We  calculate  the  geoid 
anomaly  at  constant  altitude  over  Lakshmi,  and  then  test  these  data,  together 
with  the  observed  elevation,  regional  strain  pattern,  and  inferred  age  against 
geodynamic  models. 

Gravity  Inversion.  The  area  under  study  here  is  approximately  55J  - 70J 
N,  310JE  - 15JE.  We  use  ORBSIM  [1]  and  a linearized  inversion  technique  to 
calculate  a set  of  discrete  surface  masses  that  satisfy  the  observed  line-of-sight 
accelerations.  The  geoid  anomaly  at  uniform  altitude  z„  may  be  evaluated  from 
this  mass  distribution.  The  geoid-to-topography  ratio  (GTR)  was  calculated  in 
the  spatial  domain  by  linear  regression  and  the  long-wavelength  apparent 
depth  of  compensation  (ADC)  was  found  from  ADC  = (GTR)g/2jcGpc. 

The  ADC  as  a function  of  z0  was  also  calculated  for  Bell  Regio,  a smaller  but 
representative  "hotspot"  of  Venus,  using  a similar  point-mass  inversion  [2].  The 
ADC  for  Bell  varies  from  130  km  at  Zq  — 250  km  to  270  km  at  Zq  ■ 700  km.  This 
strong  change  with  altitude  indicates  that  longer-wavelength  components  are 
compensated  at  increasingly  greater  depths  ana  suggests  that  the  thickness  of 
the  compensation  zone  is  at  least  severed  hundred  kilometers.  The  ADC  for 
Lakshmi,  however,  is  smaller  and  much  more  constant,  130  +/-  10  km  for  Zj.  * 
600  to  1400  km.  Since  the  formal  standard  errors  are  small  (given  1 mgal  LOS 
measurement  errors),  it  is  difficult  to  reject  the  hypothesis  that  Lakshmi  is  in- 
deed supported  at  nearly  a single  depth. 

Geoaynamic  Models.  We  consider  three  broad  hypotheses  for  the  origin 
of  T iflkflhmi  Planum,  but  these  models  are  not  entirely  mutually  exclusive.  Un- 
der local  mantle  upwelling  [3,4],  Lakshmi  is  the  surface  expression  of  a hotspot 
which  produces  topography  both  dynamically  and  by  volcanic  construction. 
This  model  holds  that  the  mountain  belts  form  as  a result  of  incipient 
downward  mantle  return  flow.  Under  local  mantle  downwelling  [5,6],  cold  sink- 
ing mantle  beneath  Lakshmi  induces  shear  tractions  on  the  crust,  which  thick- 
en and  elevate  it;  volcanism  is  the  result  of  basal  crustal  remelting. 
Lithospheric  delamination  is  related  to  this  hypothesis,  having  contributions  to 
topography  from  both  sinker-induced  shear  thickening  and  thermal  buoyancy  of 
hot  mantle  replacing  the  lithosphere.  The  exact  mechanism  for  formation  of 
mountain  belts  remains  to  be  tested.  A third  scenario,  regional  compression , 
may  be  distinguished  from  the  second  in  that  Lakshmi  is  simply  a locus  of 
strain  accumulation  and  crustal  thickening  from  regional  stress  fields;  neither 
broad  downward  mantle  flow  nor  lithospheric  subduction  need  occur.  The 
formation  of  mountain  belts  and  uplift  of  the  plateau  have  been  considered 
analogous  to  the  Himalayas  and  Tibet  [7,8].  The  principal  question  for  such  a 
model  is  the  source  and  magnitude  of  stress.  Such  forces  could  include  "slab 
pull"  (in  this  case  probably  beneath  Lakshmi  and  hence  resembling  scenario  2), 
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"ridge  push"  from  extinct  thermally  elevated  terrain,  or  shear  tractions  exerted 
by  mantle  flow.  Since  global  lithospheric  divergence  and  consumption  is  likely 
difficult  to  develop  on  Venus,  it  is  possible  that  limited  horizontal  motions  are 
driven  by  regional  stresses  until  choked  off.  Localization  of  compressive  forces 
could  be  due  to  structural  or  thermal  heterogeneities  in  the  crust  or  hthosphere, 
or  due  to  variations  in  the  velocity  gradients  of  mantle  flow. 

Model  Calculations.  An  endmember  hypothesis,  applicable  to  any  of  the 
three  principal  models,  is  that  the  plateau  relief  is  entirely  supported  bythick- 
ened  crust,  either  due  to  volcanic  construction  or  crustal  shortening.  Ihis  ex- 
treme corresponds  to  simple  Airy  isostasy,  and  so  the  ADC  represents  the  crus- 
tal thickness  about  which  observed  deviations  are  measured.  A crustal  thick- 
ness of  130-160  km  beneath  Lakshmi  Planum  and  100-130  km  m the  rolling 
plains  is  necessary.  Such  a value  is  unlikely  riven  prior  estimates  of  10-30  km 
crustal  thicknesses  in  the  plains  [9-11],  analysis  of  long-term  creep  stability 
[12],  and  the  transition  to  denser  eclogite  at  ~ 70  km  depth  [13].  Isostatic  sup- 
port by  a crust  of  distinct  composition  (perhaps  more  felsic)  may  also  be  rejected 
as  a Pratt  mechanism  requires  thicknesses  > 250  km.  Lithospheric  thinning  or 
delamination  will  yield  ADCs  of  only  about  50  km  Moreover,  only  about  15  km 
of  relief  can  be  achieved  by  this  mechamsm  [14];  if  the  remainder  “ ac- 
complished by  Airy-compensated  volcanism,  the  net  ADC  will  be  even  shal- 
lower. Supplemental  dynamic  compensation  is  required.  , , , 

We  extend  a simple  two-dimensional  halfspace  formulation  [11]  to  model 
the  dynamic  effect  of  a cosine-bell-shaped  surface  mass  anomaly  at  depth.  A 
suite  of  exploratory  calculations  uses  three  constant-viscosity  layers, 
crust/lithosphere  to  20  km,  upper  mantle  to  700  km,  and  lower  mantle.  The  up- 
permost  layer  may  have  a distinct  density.  We  find  that  either  upwelhng  or 
downwelling  mantle  may  produce  the  geoid  and  topography  observed  for  Lak- 
shmi Planum,  but  under  very  different  conditions.  An  npu/eZZmg  (centroid  160 
km,  buoyancy  stress  100  MPa)  is  acceptable  if  the  crust  does  not  strongly  couple 
with  the  flow  (i.e.,  its  density  contrast  is  ignored)  and  if  the  mantle  is  not 
layered.  A deeply-seated  downwelling  (400-600  km,  buoyancy  stress  > 200 
MPa)  can  give  the  same  effect,  provided  that  the  mist  can  be  £ *h  a 
by  mantle  flow  and  that  a more  viscous  lower  mantle  exists.  The  ADC  does  not 
have  as  narrow  a mode  as  a function  of  z0  as  in  the  upwelling  model.  Incorpora- 
tion of  the  effective  viscosities  of  diabase  and  olivine  [11]  further  suggests  that 
uplift  above  a plume  will  be  rapid,  but  that  the  thermal  gradient  must  be  hig 
(~20  K/km)  over  the  sinker  so  that  substantial  uplift  will  be  attained  in  0. 1-1.0 
b.y.  Neither  model,  however,  yields  the  surface  stress  distribution  necessary  to 
form  the  banded  terrain  as  a primary  consequence  of  the  uplift:  Azimuthal  ex- 
tension is  predicted  to  a radius  of  400-1200  km,  followed  by  a zone  of  strike-slip 
deformation.  Radial  compression  does  not  occur  until  distances  > 1300  km,  i.e., 
in  the  surrounding  plains.  Regional  compression  can  evidently  deform  the 
margin  of  Lakshmi  into  mountain  belts,  but  its  geoid  signature  is  problematic^ 
There  is  no  evidence  to  date  for  a substantial  gravity  anomaly  over  Tibet,  which 
is  consistent  with  simple  peripheral  compression  and  isostatic  crustal  thicken- 
ing [151.  If  underthrust  lithosphere  is  invoked  to  provide  the  large  geoid  anom- 
aly over  Lakshmi,  the  dynamic  flow  induced  by  the  slab  must  be  reckoned  with. 

Discussion.  A more  complex  model  than  those  analyzed  in  detail  here  is 
needed  to  produce  both  the  correct  stress  and  ADC.  Because  of  the  nairow 
range  of  ADCs,  we  favor  upwelling  models  in  which  a mantle  plume  has  flat- 
tened out  and  the  surface  has  been  subsequently  deformed.  Lakshmi  must  be 
distinguished  from  other  paradigm  hotspots  on  Venus  by  different  environmen- 
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tal  conditions  (lithospheric  heterogeneity?)  or  by  being  in  a different  stage  of 
hotspot  evolution.  In  this  latter  case,  Lakshmi  may  represent  an  older  hotspot; 
its  crust  may  be  somewhat  thicker  and  its  lithosphere  weakened  due  to  a 
protracted  thermal  history.  An  anomalously  weak  Lakshmi  Planum  could  serve 
as  a "strain  magnet"  which  regional  stress  fields  are  able  to  deform. 

References.  [1]  R.J.  Phillips  et  al.,  JGR,  83,  5455,  1978;  [2]  S.  Smrekar 
and  R.J.  Phillips,  LPSC  XX,  1028,  1989;  [3]  A.A.  Pronin,  Geotectonics,  20,  271, 
1986;  [4]  A.T.  Basilevsky,  Geotectonics,  20,  282, 1986;  [5]  D.L.  Bindschadler  and 
E.M.  Parmentier,  LPSC  XX,  78,  1989;  [6]  W.S.  Kiefer  and  B.H.  Hager,  LPSC 
XX,  529,  1989;  [7]  L.S.  Crumpler  et  al.,  Geology,  14,  1031,  1986;  [8]  J.W.  Head, 
LPSC  XVII,  323,  1986;  [9]  M.T.  Zuber,  Proc.  LPSC  17th,  JGR,  92,  E541,  1987; 
[10]  W.B.  Banerdt  and  M.P.  Golombek,  JGR,  93,  4759,  1988;  [11]  R.E.  Grimm 
and  S.C.  Solomon,  JGR,  93,  11911,  1988;  [12]  R.J.  Phillips  et  al.,  Science,  212, 
879,  1981;  [13]  W.M.  Kaula,  Science,  in  press,  1990;  [14]  W.M.  Kaula  and  R.J. 
Phillips,  GRL,  8,  1187,  1981;  [15]  P.  Molnar  and  P.  Tapponier,  JGR,  83,  5361, 
1978. 


28 


THERMAL  EVOLUTION  OF  VENUS  MOUNTAIN  BELTS.  Noriyuki  Namiki  and 
Sean  C.  Solomon,  Department  of  Earth,  Atmospheric,  and  Planetary  Sciences,  Massachusetts 
Institute  of  Technology,  Cambridge,  MA  02139. 


Introduction.  The  linear  moutain  belts  of  Ishtar  Terra  were  recognized  from  Pioneer 
Venus  topography  to  be  distinctive  landforms  not  found  on  the  smaller  terrestrial  planets  [1]. 
Arecibo  radar  images  showed  that  much  of  Akna,  Freyja,  and  Maxwell  Montes  consist  of 
banded  terrain  [2]  indicative  of  large-scale  compressive  deformation  [3].  The  improved 
resolution  of  the  imaging  and  topographic  data  from  Venera  15  and  16  [4,5]  led  to  better 
definition  of  the  deformational  features  and  initial  hypotheses  regarding  the  origin  and 
evolution  of  the  mountain  belts  [6,7].  From  an  analysis  of  radar  images  and  topographic  data 
from  the  Freyja  Montes,  Head  [8]  proposed  that  the  mountain  belt  formed  as  a result  of  a 
sequence  of  large-scale  underthrusts  of  the  lithosphere  of  the  North  Polar  Plains  beneath  Ishtar 

Terra. 


We  are  developing  thermal  models  for  the  evolution  of  the  mountain  ranges  of  Ishtar 
Terra  with  initial  focus  on  Freyja  Montes.  There  are  several  motivations  for  such  models.  If 
Freyja  Montes  formed  in  response  to  large-scale  horizontal  convergence  by  the  development  ot 
major  underthrusts  [8],  then  whether  the  imbricated  blocks  between  sequential  thrust  zones 
originated  as  layers  of  underthrust  lithosphere  or  only  as  upper  crustal  layers  stopped  off  from 
the  lower  lithosphere  at  a weak  ductile  zone  in  the  middle  to  lower  crust  is  closely  tied  to  the 
mechanical  properties  of  the  thrust  zone  and  their  dependence  on  the  time-dependent  thermal 
evolution  of  crust  and  mantle  in  the  region.  The  thermal  structure  of  the  convergence  zone  is 
also  intimately  tied  to  the  origin  and  nature  of  volcanism  in  Ishtar  Terra.  Volcanic  activity  has 
been  widespread  on  Lakshmi  Planum  [1,4].  The  sequence  of  tectonic  and  volcanic  events  that 
occurred  in  the  region  [7,9]  suggest  that  the  volcanism  may  be  at  least  partly  related  to  the 
heating  and  partial  remelting  of  a crustal  layer  thickened  by  convergence  and  underthrusting. 

Approach.  We  adapt  the  numerical  method  of  Bird  and  others  [10,11]  to  test 
quantitatively  this  lithospheric  convergence  hypothesis.  We  solve  the  two  dimensional  heat 
equation 

pCp^L=  V(kVT)  + A 

dt 

where  T is  temperature,  t is  time,  p is  density,  Cp  is  specific  heat,  k is  thermal  conductivity, 
and  A is  heat  production.  The  kinematics  of  convergence  and  underthrusting  are  specified  a 
priori  (Fig.  1),  and  this  equation  is  solved  by  a finite  difference  technique. 

Model  Assumptions  and  Parameter  Ranges.  We  assume  a geometry  as  indicated  in  Fig. 
1 and  a constant  surface  temperature  Ts.  Frictional  heating  along  the  britde  portion  of  the  main 
boundary  thrust  is  included  as  constant  heat  flux  vt,  where  v is  the  convergence  rate  and  T is 
the  shear  stress;  adiabatic  heating  of  underthrusting  plate  is  neglected.  The  properties  of  crust 
and  mantle  (Table  1)  are  assumed  to  be  those  of  basalt  and  peridotite  on  the  basis  of  the  Venera 
lander  results  [12]  and  of  the  assumed  gross  similarity  in  bulk  composition  of  Venus  and 
Earth.  The  base  of  the  lithosphere  is  taken  to  be  the  point  at  which  the  temperature  reaches  0.9 
T where  Tm  is  the  melting  temperature  of  peridotite.  The  asthenosphere  is  assumed  to  be 
converting  vigorously,  so  that  an  adiabatic  gradient  applies.  The  temperature  distribution  in  the 
asthenosphere  is  assumed  to  be  unaffected  by  underthrusting. 
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Obvious  key  parameters  arc  the  crustal  thickness  hc,  surface  heat  flux  qs,  crustal  heat 
production  Ac,  r,  v,  and  the  geometry  and  evolution  of  underthrusting.  The  ranges  of  hc , qs, 
and  r are  constrained  from  previous  inferences  on  the  thickness  of  the  Venusian  elastic 
lithosphere  [13-15].  Ac  is  calculated  from  the  U,  Th,  and  K contents  of  surface  rock  at  the 
Vega  1-2  and  Venera  9-10  landing  sites  [16].  The  range  of  v is  determined  so  that  it  includes 
the  estimates  of  divergence  rates  in  the  equatorial  highlands  [17-19].  The  dip  angle  5 of 
underthrusting  is  constrained  only  by  terrestrial  analogy.  The  ranges  of  these  variable 
parameters  are  summarized  in  Table  2. 

Assessment.  Initial  models  arc  aimed  toward  understanding  the  factors  that  control  the 
thermal  assimilation  of  any  mantle  portion  of  underthrust  segments  of  lithosphere,  the 
development  of  a weak  ductile  layer  in  the  middle  to  lower  crust  which  might  provide 
nucleation  zones  for  new  thrust  fault  systems,  and  the  initiation  of  partial  remelting  in  the  lower 
crust.  Results  to  date  indicate  that  these  processes  depend  strongly  on  the  thermal  structure  and 
crustal  thickness  of  the  lithosphere  prior  to  underthrusting  and  on  the  convergence  rate. 

References.  [1]  H.  Musursky  et  al„  JGR,  85,  8232,  1980;  [2]  D.B.  Campbell  et  al., 
Science,  221,  644,  1983;  [3]  S.C.  Solomon  and  J.W.  Head,  JGR,  89,  6885,  1984;  [4]  V.L. 
Barsukov  et  al.,  JGR,  91,  D378,  1986;  [5]  Yu.  N.  Alexandrov  et  al..  Science,  231,  1271, 
1986;  [6]  L.S.  Crumpler  et  al.,  Geology,  14,  1031,  1986;  [7]  A.A.  Pronin,  Geotectonics,  20, 
271,  1986;  [8]  J.W.  Head,  Geology,  in  press,  1990;  [9]  K.P.  Magee  and  J.W.  Head,  LPS, 
19,  713,  1988;  [10]  P.  Bird  et  al.,  JGR,  80,  4405,  1975;  [11]  M.N.  Toksoz  and  P.  Bird, 
Tectonophysics,  41,  181,  1977;  [12]  Yu.  A.  Surkov  et  al.,  JGR,  89,  B393,  1984;  [13]  M.T. 
Zuber,  JGR,  92,  E541,  1987;  [14]  R.E.  Grimm  and  S.C.  Solomon,  JGR,  93,  11911,  1988; 
[15]  S.C.  Solomon  and  J.W.  Head,  LPS,  20,  1032,  1989;  [16]  Yu.  A.  Surkov  et  al.,  JGR, 
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Table  1 . Properties  of  Crust  and  Mantle 


Parameters 

Crust 

Mantle 

density  [kg/m3] 
thermal  conductivity  [W/m-K] 
specific  heat  [J/mol-K] 
heat  production  [W/kg] 
melting  temperature  [K] 
surface  temperature  [K] 

pc  = 2900 
kc  = 2.0 
Cpc  = 700 
(see  Table  2) 
1453  + 7.25  P[kbar] 
Tc  = 750 

pm  = 3400 
km  = 3.0 
Cpm  = 850 
Am  = 1.5xl0"12 
1423  + 12.5  P[kbar] 

Fig.  1 . Schematic  of  thermal  evolution  model 
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TEPEV  MONS  AND  THE  ELASTIC  LITHOSPHERE  OF  VENUS:  AN 

ASSESSMENT  OF  FLEXURE  MODELS. 

Sean  C Solomon  Dept,  of  Earth,  Atmospheric,  and  Planetary  Sciences,  Massachusetts 
of  Technology.  Cambridge.  MAP02139.  »d  James  W.  Head,  Depanmem  of 
Geological  Sciences,  Brown  University,  Providence,  RI 02912. 

Introduction.  An  important  but  unresolved  issue  for  Venus  is  the  magnitude  of  the  heat 
flux  from  the  interior.  The  mean  heat  flux  is  closely  related  to  thebulk  composition  and 
thermal  history  of  the  planet  [1],  while  variations  in  heat  flux  within  and  among  tectonic 
provinces  - if  known  - would  constrain  the  formative  processes  for  different  teutonic  regimes 
hid  the  mode  of  interaction  of  mantle  convection  with  the  Venus  llth^P^}2]m<?e 
measure  of  heat  flux  is  the  thickness  Te  of  the  elastic  lithosphere  inferred  from  the  flexural 
response  to  surface  loading,  since  the  fithospheric  thickness  is  limited  by  the  temperature- 
dependent  depth  at  which  ductile  behavior  dominates  brittle  behavior  at  flexural  strain  rates  [3] . 
Janfe  et  al  [4]  first  drew  attention  to  an  approximately  annular  depression  surrounding  the 
volcano  Tepev  Mons  in  Bell  Regio.  Under  the  assumption  that  this  depression  is  of  flexural 
origin,  Janleet  al.  inferred  from  the  radial  position  and  depth  of  the  depression  that  the  elastic 
lithosphere  is  30-100  km  thick  beneath  the  volcano. 

This  range  of  values  for  Te  presents  a problem.  With  the  assumption  that  such  an  elastic 
lithosphere  thickness  exceeds  the  thickness  of  the  crust  [5,6],  so  that  ^e  duatie  streng  f th 
lower  lithosphere  is  limited  by  the  flow  law  for  dry  olivine  [3],  Te  may  be  converted  to  tne 
equivalent  depth  Tm  to  the  base  of  the  mechanical  lithosphere  [7]  and  the  average  lithos^henc 
thermal  gradient  [8].  If  Te  is  30-100  km  and  the  characteristic  flexural  strain  rate  is  10  s , 
the  implied  lithospheric  thermal  gradient  is  3-8  K/km  [8].  For  thermal  conductivities  o . 
and  4 W/m-K  for  crustal  and  mantle  material,  these  gradients  are  equivalent  to  heat  flow  in  the 
range  10-27  mW/m2.  vaiUes  substantially  less  than  the  global  average  of  74  mW/m  expected 
bv  scaling  from  Earth  [1]  and  also  less  than  that  implied  by  the  thickness  of  the  elastic 
lithosphere  indicated  by  the  flexural  response  to  underthrusting  of  the  North  Polar  Plains  of 
Venus  ^ ^nearFrevia  Montes  [8].  There  is  no  reason  to  expect  that  the  thermal  ^adient  and 

of  Beil  Regio  should  be^ to £ , te Ufa*. ■ 

to  the  north  of  Frey ia  Montes,  a region  near  the  planetary  modal  elevation  [9J.  To  the  contrary, 
the  broadly  elevated  rise  of  Bell  Regio,  the  numerous 

and  the  large  apparent  depth  of  isostatic  compensation  of  relief  [12,13]  suggest  that  Beu  Kegio 
* a site  of  Lntie  upwellhig  and  a heat  flux  that  is  greater  than  the  global  average  or  that  typical 

for  plains  units. 

In  this  paper  we  reevaluate  the  topographic  and  geological  evidence  relevant  to  Hth^haic 
flexure^  beneath  Tepev  Mons.  We  reexamine  the  lithospheric  thickness  and  thermal  gradient 
implied  by  the  flexure  hypothesis,  and  we  assess  the  validity  of  that  hypothesis. 

Geological  Setting.  Venera  radar  imaging  and  altimetry  innate  that Be*1  Re§!° 11 5 f ^ 
uplift  variously  faulted  by  limited  extension  and  partial  subsidence  [1 1,12].  Tne  elevated 
region  includes  a number  of  distinct  volcanic  centers  as  well  as  two  exposed  areas  of  tesserae 
olKan  the  plains  units  that  constitute  much  of  the  surface  (Fig.  1).  Venera  15  and  6 
altimetric  dataprovide  the  highest  resolution  topographic  information  for  the  region,  but 
because  southern  Bell  Regio  is  near  the  southern  limit  of  coverage,  track-to-track  spacing  is  a 
rather  large  140  km  On  only  a single  Venera  16  orbit  was  the  topography  of  the  centralTepev 
Mons  construct  sampled  (Fig.  2).  The  depressions  outward  of  Tepev  Mons  to  the  NW, , NE, 
SE  and  S (Fig.  1)  are  similarly  coarsely  sampled  in  the  E-W  direction,  and  most  of  these 
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depressions  may  simply  be  relative  lows  between  Tepev  Mons  and  high-standing  terrain  to  the 
east  (a  broad  volcanic  center  [14]),  north  (tessera),  and  west.  Whether  these  depressions  form 
a quasi-continuous  annulus  and  whether  this  annular  deep  is  of  flexural  origin  [4]  are  open  to 
question. 

Flexural  Interpretation  of  Topography.  If  we  disregard  other  potential  sources  of 
topography  exterior  to  Tepev  Mons,  then  we  may  test  the  hypothesis  [4]  that  the  depressions 
arranged  approximately  circumferential  to  the  construct  are  signatures  of  lithospheric  flexure. 
The  only  reliable  topographic  profile  with  which  to  assess  the  hypothesis  is  that  obtained  along 
the  single  orbit  that  sampled  the  volcano  itself.  Even  that  profile  (Fig.  2)  indicates  that  the 
topography  outward  of  the  construct  is  asymmetric,  with  a depression  indicated  on  the  northern 
limb  but  no  clear  depression  to  the  south. 

We  have  fit  the  northern  limb  of  the  profile  in  Fig.  2 to  a flexural  loading  model  for  Tepev 
Mons.  For  a circularly  symmetric  approximation  to  the  volcano  profile,  we  represented  the 
volcano  as  a stack  of  coaxial  cylinders  of  density  3.0  g/cm^.  For  a range  of  assumed  values 
for  Te,  we  calculated  the  deflection  profile  [15]  outward  of  the  volcano,  after  scaling  the  total 
load  to  account  for  subsidence  beneath  the  construct  itself  [16].  A comparison  of  these  profiles 
with  the  observed  topographic  profile  north  of  Tepev  Mons  (Fig.  3)  indicates  that  a value  for 
Te  of  about  30  ± 10  km  provides  the  best  fit.  This  value  is  at  the  lower  limit  of  the  range 
suggested  by  Janie  et  al.  [4];  in  particular,  much  of  their  range  (e.g.,  T.  * 50-100  km)  can  be 
excluded  by  Fig.  3.  As  noted  above,  Te  = 30  km  would  imply  dT/dz  = 8 K/km  and  a heat  flux 
q = 24-27  mW/m2  for  a crustal  thickness  in  the  range  10-20  km  [5,6]. 

Assessment  of  the  Flexural  Interpretation.  While  the  topographic  profile  in  Fig.  3 can  - as 
demonstrated  - be  interpreted  in  flexural  terms,  the  absence  of  symmetry  in  the  depression 
(Fig.  2)  and  the  high-standing  tessera  to  the  immediate  north  of  the  volcano  (Fig.  1,3)  cast  the 


Fig.  1.  Simplified  topographic  map  of  the  Tepev  Mons  region  of  southern  Bell  Regio  [12].  Contours  are 
elevation  in  km  with  respect  of  a planetary  radius  of  6051  km.  Shading  denotes  tesserae.  A very  broad  volcanic 
construct  east  of  Tepev  Mons  is  indicated  by  the  V.  Two  impact  craters  are  also  noted. 
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flexural  hypothesis  into  doubt.  As  noted  above,  other  depressions  flanking  Tepev  Mons  can 
also  be  interpreted  as  relative  lows  between  the  volcanoes  and  neighboring  high  terrain  arising 
from  construction  or  thickened  crust  and  Airy  isostasy.  We  conclude  that  Tepev  Mons  is  not 
sufficiently  isolated  spatially  from  other  nearby  highs  to  derive  a meaningful  estimate  of  elastic 
lithosphere  thickness  from  the  topography  alone. 

References.  [1]  S.C.  Solomon  and  J.W.  Head,  JGR,  87,  9236,  1982;  [2]  P.  Morgan  and  RJ.  Phillips, 
JGR  88,  8305,  1983;  [3]  C.  Goetze  and  B.  Evans,  GJRAS,  59,  463,  1979;  [4]  P.  Janie  et  al.,  Earth  Moon 
Planets,  41,  127,  1988;  [5]  M.T.  Zuber,  JGR,  92,  E541,  1987;  [6]  R£.  Grimm  and  S.C.  Solomon,  JGR,  93, 
11911,  1988;  [7]  M.K.  McNutt,  JGR,  89,  11180,  1984;  [8]  S.C.  Solomon  and  J.W.  Head,  LPS,  20,  1032, 
1989;  [9]  R.O.  Kuz'min  et  al.,  Sol.  Syst.  Res.,  21,  8,  1987;  [10]  M.S.  Markov  et  al.,  Sol.  Syst.  Res.,  21,  8, 
1987-  [ll]  A.T.  Basilevsky  and  P.  Janie,  Sol.  Syst.  Res.,  21,  672,  1987;  [12]  P.  Janie  et  al..  Earth  Moon 
Planets.  39,  251,  1987;  [13]  S.  Smrekar  and  R.  J.  Phillips,  LPS,  20,  1028,  1989;  [14]  B.A.  Campbell  and 
R.C.  Kozak,  LPS,  19,  158,  1988;  [15]  S.C.  Solomon  and  J.W.  Head,  JGR,  84,  1667,  1979;  [16]  R.P.  Comer 
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Fig.  2.  Venera  16  topographic  profile  across  Tepev  Mons  (orbit  29).  The  orbit  track  passes  through  the 
volcano  at  an  azimuth  of  about  N03°W. 


Fig.  3.  Fit  of  the  topographic  profile  from  Fig.  2 northward  of  Tepev  Mons  to  models  of  lithospheric  flexure 
for  a range  of  values  of  T&.  The  datum  for  the  topography  far  from  the  volcano  has  been  set  to  zero. 
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GEOID  TO  TOPOGRAPHY  RATIOS  FOR  SELECTED  VENUSIAN  FE^ 
TURES:  IMPLICATIONS  FOR  COMPENSATION  MECHANISMS 
S.E.  Smrekar,  and  R.J.  Phillips,  Department  of  Geological  Sciences,  Southern 
Methodist  University,  Dallas,  TX  75275. 


Introduction.  Compensation  depths  and  interpreted  mechanisms  can  be 
used  as  a guide  to  the  dominant  heat  loss  mechanisms  on  Venus.  Various 
studies  have  found  apparent  compensation  depths  for  seven  features  on  Venus 
[1-6].  As  compensation  depth  is  model  dependent,  some  care  must  be  used  in 
comparing  compensation  depths  from  different  studies.  Spherical  harmonic 
models  provide  a single,  global  view  of  the  planet,  but  group  all  geological  pro- 
vinces together  and  have  fairly  low  resolution.  Here  we  use  calculated  apparent 
depths  of  compensation  to  estimate  geoid  to  topography  ratios  (GTRs).  One  ad- 
vantage of  our  study  is  that  we  look  at  a large  number  of  features  using  the 
same  approach,  including  many  regions  too  small  to  be  resolved  with  current 
spherical  harmonic  models.  Using  a geoid  to  topography  ratio  (GTR)  also  allows 
us  to  easily  compare  our  results  both  to  terrestrial  values  for  oceanic  hotspots 
and  plateaus,  and  to  compensation  models. 

Method.  The  Geophysical  Data  Facility  (GDF)  at  the  Lunar  and  Planetary 
Institute  was  used  to  calculate  apparent  depths  of  compensation  (ADCs)  for  11 
highland  regions:  Alpha,  Asteria,  Bell,  Beta,  Gula,  Phoebe,  Sappho,  Tellus  and 
Ulfrun  Regiones,  plus  Nokomis  Montes  and  an  unnamed  feature  north  of  Ul- 
frun  Regio.  We  refer  to  it  as  North  Ulfrun  Regio.  One  orbit  with  the  largest, 
most  symmetric  anomaly  was  modeled  for  each  region.  We  used  a topographic 
density  of  3000  kg/m3.  The  compensation  surface  is  the  negative  of  tne  height 
density  product  of  the  topography.  The  GDF  calculates  the  dynamic  gravity 
anomaly  using  the  ORBSIM  program  [6].  Using  10  km  increments  in  the  ADC, 
the  smallest  residual  fit  to  the  actual  gravity  was  found  for  a range  of  ADCs. 
We  also  use  ADCs  for  Atla,  Thetis  and  Ovda  Regios  from  a similar  study  [2]. 

Using  these  ADCs,  we  estimate  their  GTRs.  As  the  ADCs  were  calculated 
assuming  a crustal  compensation  model,  we  use  the  long  wavelength,  Airy  ap- 
proximation for  the  GTR.  In  this  approximation,  AN/h  = 27iGApD/g,  where  AN 
is  the  geoid  anomaly,  h is  the  topography,  G is  the  gravitationa  constant,  Ap  is 
the  density  contrast,  D is  the  depth  of  compensation,  and  g is  the  gravitational 
acceleration  (8.7  m/s2  for  Venus).  Long  wavelength  thermal  compensation 
models  have  the  same  form.  The  usefulness  of  this  approach  is  verified  by  our 
direct  calculation  of  the  GTR  at  Bell  Regio.  At  Bell  Regio  we  inverted  the  line  of 
sight  gravity  data  to  obtain  a vertical  gravity  map  [7].  The  least  squares  fit  of 
geoid  to  topography  yielded  a GTR  of  19.8,  +/-  0.4  m/km.  The  value  found  using 
this  approach  is  24.6  m/km,  which  is  in  reasonable  agreement. 

Results.  The  GTRs  are  plotted  against  topographic  height,  measured  to 
the  nearest  0.5  km,  in  Figure  1.  The  new  data  points  calculated  for  this  study 
increase  the  average  GTR  range  for  Venus  above  the  value  found  if  only  pre- 
viously published  ADCs  are  used  to  estimate  GTRs  [8].  Data  for  53  terrestrial 
oceanic  hotspots  and  plateaus  [9]  are  plotted  for  comparison.  If  the  oceans  were 
removed  from  these  same  terrestrial  features,  the  GTRs  would  increase  by  a 
factor  of  1.5.  Even  if  with  this  correction,  the  majority  of  the  Venusian  values 
are  much  larger  than  the  terrestrial  values.  The  GTRs  are  plotted  against  aver- 
age diameter  in  Figure  2.  This  plot  suggests  two  populations  of  GTRs,  both  of 
which  show  GTR  increasing  with  diameter,  but  with  different  slopes  and  aver- 
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values  This  relationship  is  supported  by  statistical  analysis  of  the  two 
trends  The  conelatton  c^fficient  for  a least  squares  line  fit  to  the  upper  trend 
is  0 837  and  0 967  for  the  lower  branch.  A t-test  shows  that  both  corre 
are  i^ntat  the  95%  confidence  level.  No  signvficant  bnear  « e*stefor 
the  entire  data  set.  Analysis  of  the  correlation  between  GTR  and  averag 
height  GTR  and  maximum  height,  and  maximum  height  and  diameter  or 

tWODi^Sndl^dlo»e0rW  trend  on  the  GTR  ver^  diameter  plot  may 

models  require  a similar  range  of  lithospheric  thickness.  No  correlation^  xists 
KSn  ^TR  and  Zximum  height,  or  tetween  height  and  diameter.  TJe  Ml 
equation  for  the.  geoid  for  a cmstally  area  «U.  •***“; 


has  the  same  form,  Thus  tms  laca  oi  corre.«..oj ‘ p-  ™lltion  be- 

inconsistent  with  a crustal  compensation  mode  . ..,  *u{s  internreta- 

tween  height  and  diameter  for  the  lower  trend  also  agrees  with  this  mterpreta 
tion,  in  thl  sense  that  there  is  no  physical  process  which  relates  the  height  and 
rlinmeter  of  a crustal  or  lithosphencally  compensated  region. 

Thf  upper  GTO  versJs  diameter  trend  may  represent  regions  which  are 
dynamically  supported.  The  expected  relationship  for  dynamc  processes  be- 
tween^GTHR  and  height  or  diameter  is  unclear.  The  pointe  which  make  up  the 
upper  trend  also  show  a correlation  between  maximum  height  and 
T^is  is  the  relationship  predicted  for  transient  mantle  plumes  [10],  although 
height  decays  with  time  while  diameter  increases.  Convection  solutionsappear 
toW  models  capable  of  fitting  the  large range  of 

linnor  trend  An  upper  mantle  convection  model  L11J,  scaiea  veuuBum 
vafiies  can  fit  a GTR  range  of  14  to  27,  with  a Raleigh  number  of  10  , and  a i con- 
ductive lid  thickness  of  0 to  150  km.  Fitting  the  largest  GTR  values,  up  to  40 
WkU  J problematic.  Decreasing  the  Raleigh  number  byanmder ^of  nmgmtude 

only  increases  the  GTR  a few  m/km-  For  a Ralo«h  Suc£ 

laver  thicknesses  of  200-300  km  are  necessary  to  fit  GTRs  of  30-40  m/km.  aucn 
laSe  tWckSesS  are  in  conflict  with  the  idea  of  dynamic  support.  As  the  thick- 
n ess  of  the  conductive  lid  does  not  scale  with  the  depth  of  convection,  it  doesnot 
amiear  that  simply  going  to  whole  mantle  convection  will  produce  larger  GTRs. 

basing  the  GTRs  include  non-steady  state  behavior 

‘"^^“tKority  of  Venusian  GTRs  are  much  larger  than  tar- 
restrial  vSSs^Plotting  GTR  against  the  diameter  of  individual  features  sug- 
gests two  linear  trends,  although  further  error  analysis  must  be  done  to- venfy 
§>  These  trends  may  be  related  to  the  compensation  o^hetwo 

vrouDS  The  lower  trend  agrees  fairly  well  with  the  trends  and  GTR  ranges 
pected  for  crustal  or  thermal  compensation.  The  upper  trendmav  coupon 
dvnamicallv  supported  features.  Although  the  lower  range  of  GTRs  m this 
trend  can  be  fit  by  an  upper  mantle,  constant  viscosity  model,  we  do  not  have  a 

model  which  can  fit  the  farger  values  with  a if^rfck  et 
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Figure  1.  GTR  vs  topographic  height.  Figure  2.  GTR  vs  average  diameter. 

Stars  indicate  venusian  features,  dots 
indicate  terrestrial  values. 
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VOLCANISM  IN  NW  ISHTAR  TERRA,  VENUS 
L Gaddis  and  R.  Greeley,  Department  of  Geology,  Arizona  State  University, 

Tempe,  AZ  85287 


Venera  15/16  radar  data  for  an  area  in  NW  Ishtar  Terra  (74°N,  313°E;  at  the  intersection 
of  Akna  and  Freyja  Montes)  show  an  area  with  moderate  radar  return  and  a smooth-textured 
surface  which  embays  low-lying  areas  of  the  surrounding  mountainous  terrain  (ligure.l). 
Although  this  unit  may  be  an  extension  of  the  lava  plains  of  Lakshmi  Planum  to  the  southeast, 
detailed  study  suggests  a separate  volcanic  center  in  NW  Ishtar  Terra.  Lakshmi  Pl^um  on  die 
Ishtar  Terra  highland,  exhibits  major  volcanic  (Barsukov  et  al,  1986;  Magee  and  Head,  1988a, 
b*  Gaddis,  1989)  and  tectonic  (Crumpler  et  al.,  1986;  Head,  1988;  Vorder  Breugge  and  Head, 
1988)  features.  It  is  a smooth-surfaced  plateau  (3  to  5.5  km  in  elevation)  surrounded  by  major 
mountain  belts  including  Akna,  Freyja,  and  Maxwell  Montes.  Volcanic  features  on  Lakshmi 
Planum  include  calderas  of  Colette  (130x180  km)  and  Sacajawea  (120x200  kmj  Paterae  lava 
flows  (Colette  flows  average  15  km  in  width,  100-300  km  in  length;  Magee  and  Head,  1988b), 
and  associated  smaller  vents.  These  volcanoes  may  be  the  surface  expression  of  hot  spots,  as 
observed  in  Hawaii,  in  which  the  growing  volcanic  edifice  deformed  the  surrounding  areas 
(Pronin,  1986);  alternatively,  compressional  deformation  may  have  resulted  in  crustal 
thickening  and  melting,  and  the  formation  and  deposition  of  volcanic  materials  (Magee  and 

On  the  Venera  radar  image  (figure  1)  radar  brightness  is  influenced  by  slope  and 
roughness;  radar-facing  slopes  (east-facing)  and  rough  surfaces  (~8  cm  average  relief)  are 
bright,  while  west-facing  slopes  and  smooth  surfaces  are  dark.  The  moderate  radar  return 
indicates  a smooth  unit  embaying  low-lying  areas  of  the  adjacent  "ndge-and-trough  terrain; 
these  characteristics  are  consistent  with  a volcanic  origin  for  this  unit.  To  the  northwest, 
bright  lobate  features  extend  further  northwestward  more  than  300  km.  A geologic  sketch 
map  (figure  2)  shows  smooth  terrain  for  the  volcanic  units,  and  the  darker  units  represent 

adjacent,  possibly  associated  volcanic  flows.  . , , , 

A series  of  semi-circular  features,  apparently  topographic  depressions,  do  not  conform 
in  orientation  to  major  structural  trends  in  this  region  of  NW  Ishtar  Terra.  Topography  (figure 
y after  Fotokarta  Veneri  B4)  shows  elevations  from  about  5.5  km  in  the  SE  (toward  Lakshmi 
Planum)  to  2 km  (to  NW).  If  the  3.0  km  elevation  is  assumed  to  be  tire  outer  boundary  of  a 
complex  caldera  in  the  center  of  the  smooth  terrain,  a feature  about  200  x 250  km  in  size  is 
measured;  the  smaller  depression  to  the  southeast  (an  associated  vent?)  is  about  50  km  in 
diameter 

The  large  depression  (caldera?)  in  NW  Ishtar  Terra  is  similar  to  the  calderas  of  Colette 
and  Sacajawea  Paterae,  as  all  three  structures  are  large  irregular  depressions.  Although  Colette 
and  Sacajawea  have  been  described  as  shields,  their  flank  slopes  are  low  (<0.5  ).  All  3 
calderas  have  depths  of  1 to  1.5  km,  but  the  caldera  in  NW  Ishtar  is  both  more  complex  and 
larger  than  Colette  (130x180  km)  and  Sacajawea  (200x120  km).  If  a relationship  between 
caldera  diameter  and  magma  chamber  diameter  and  depth  exists  for  Venus  (Wood,  1984),  then 
the  chamber  under  the  NW  Ishtar  caldera  is  larger/deeper  than  those  of  Colette  and  Sacajawea. 
Although  the  types  and  volumes  of  volcanic  products  from  the  structures  and  the  presence  or 
absence  of  rifting  and  associated  volcanism  cannot  be  constrained  with  Venera  data,  the  large 
calderas  indicate  that  centralized  eruptions  were  predominant  Age  relationships  are  difficult  to 
establish;  although  the  muted  appearance  and  lower  relief  of  Sacajawea  support  an  older  age 
than  for  Colette,  it  is  not  possible  to  determine  a relative  age  for  the  NW  Ishtar  Terra  volcano. 

NW  Ishtar  Terra  appears  to  be  the  site  of  a volcanic  center  with  a complex  caldera 
structure,  possibly  more  than  one  eruptive  vent,  and  associated  lobed  flows  at  lower 
elevations.  The  morphologic  similarity  between  this  volcanic  center  and  those  of  Colette  and 
Sacajawea  suggests  that  centralized  eruptions  have  been  the  dominant  form  of  volcanism  in 
Ishtar.  The  location  of  this  volcanic  center  at  the  intersection  of  two  major  compressional 
mountain  belts  and  the  large  size  of  the  caldera  (with  an  inferred  large/deep  magma  source) 
support  a "crustal  thickening/melting"  rather  than  a hot-spot  origin  for  these  magmas. 
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FORMATION  AND  EVOLUTION  OF  PLUME  PLATEAUS  ON  VENUS 
L S Crumpler  and  James  W.  Head,  Department  of  Geological  Sciences,  Brown  University,  Providence, 
’ ' RI  02912 


Introduction:  Plateau-like  areas  with  dimensions  in  the  range  of  several  hundreds  to  several  thousands 
of  kilometers  are  relatively  common  on  Venus  and  are  characterized  by  several  of  the  following  features: 
broad  regional  rises,  linear  boundaries,  locally  relatively  steep  sides,  associated  volcanic  edifices  and 
deposits,  rifting,  complex  surface  structure  and  texture  (often  tessera-like),  and  tectonic  junctrons(  ). 
Plateaus  can  be  classified  into  several  types,  some  associated  with  the  Equatorial  H.ghbnds  (Beta  Ada 
the  sites  of  tectonic  junctions;  Western  Eisila,  the  site  of  localized  yolcanism;  Ovda  and  Thetis,  the  ate 
of  rifting  and  apparent  crustal  spreading),  and  others  at  mid  to  high  latitudes  and  not  obviously  associated 
with  rifting  at  present  (Tellus,  Alpha,  Eastern  Fortuna,  Laima)(3,4).  Here  we  examine  toe  origin  of  the 
plateaus  at  Ovda  and  Thetis,  and  propose  a model  for  their  evolution  and  how  they  may  be  linked  to  the 

characteristics  and  evolution  of  plateaus  elsewhere  on  Venus.  , , .•  • 

Onsta!  Spreading,  Mantle  Plumes,  and  the  Formation  of  Plume  Plateaus.:  Crustal  spreading  in 
Western  Aphrodite  Terra  is  interpreted  from  linear  cross-strike  discontinuities  (CSDs)  thought  to  represent 
fracture  zones,  which  segment  Aphrodite  into  domains  characterized  by  bilateral  symmetry  parade to > toe 
linear  discontinuities.  The  centers  of  symmetry  of  the  domains  have  central  depressions  and  form  linear 
rises  that  are  oriented  normal  to  the  CSD's,  terminate  against  them,  and  are  offset  at  them  m an  en 
echelon  manner  (5),  in  patterns  comparable  to  spreading  centers  in  the  Earth  s ocean  basins.  On  the  basis 
of  these  data  and  analysis  of  topographic  profiles,  Aphrodite  Terra  appears  to  be  the  site  of  spreading 
the  present  time  at  rates  of  the  order  of  1.5-3  cm/yr  (5,6).  Analysis  of  the  nature  of  the  process  of  crustal 
spreading  in  the  Venus  environment  indicates  that  the  enhanced  upper  mantle  temperature  (about 
1500°C)  caused  by  high  surface  temperature  should  result  in  a crustal  thickness  of  about  15  km,  a factor 
of  2-3  greater  than  that  for  the  Earth  (6).  Material  formed  at  the  rise  crest  and  moved  laterally  would 
become  lower  topographically  as  it  cooled  and  would  be  modified  by  subsequent  yolcanism  and 
tectonism.  Localized  plateaus  along  the  Equatorial  Highlands,  such  as  Ovda  and  Thetis  Regiones,  are 
interpreted  to  be  the  site  of  elevated  upper  mantle  temperatures,  enhanced  melting,  and  greater  crusttd 
thicknesses  (5,6).  Specifically,  these  Iceland-like  pleateus  could  be  formed  by  increased  upper  mantle 
temperatures  of  about  100°C,  which  would  produce  a 30  km  thick  crust  characterized  by  an  increase  in 
isostatically  supported  elevations  of  about  1 .5  km  (6).  Models  of  Ovda  Regio  that  are  consistent  with 
both  topography  and  gravity  data  suggest  that  such  a process  is  plausible,  with  upper  mantle  temperatures 
of  about  1600°C  and  spreading  rates  of  about  1 cm/yr  (6).  The  most  likely  mechanism  for  the  enhanced 
upper  mantle  temperature  is  a localized  upwelling  of  the  mantle,  and  the  geometry  ofthe  plateaus 
suggests  that  it  may  be  a mantle  plume  or  'hot  spot'  similar  to  the  one  thought  to  underlie  the  Icelandic 
plateau  (7).  The  size  of  Ovda  Regio  (2000  km  wide)  and  the  inteipreted  spreading  rates  suggest  that  this 

mantle  plume  has  been  active  for  the  past  200  million  years  (6). 

Evolution  of  Tlume  Plateaus':  Cessation  of  the  enhancement  of  upper  mantle  temperature  at  the  site 

of  a mantle  upwelling  or  hot-spot  would  return  the  spreading  environment  to  a more  normal  condiuon  of 
spreading  (if  nominal,  to  a crustal  thickness  of  about  15  km,  and  isostatically  compensated  topography  o 
1-1  5 km  less  than  previously).  In  this  case  continued  spreading  would  split  the  'plume  plateau , separate 
it  and  move  it  laterally  off  the  thermal  rise  into  the  adjacent  lowlands  at  rates  comparable  to  the 
spreading  rates  (8,9).  Although  the  split  and  separated  plateau  would  become  topographically  lower  as  it 
evolved  thermally,  its  enhanced  crustal  thickness  and  its  correspondingly  increased  isostatic  topography, 
would  result  in  the  plateau  remaining  elevated  above  the  adjacent  surrounding  plains  by  an  amount  related 
to  crustal  thickness  variations.  There  are  several  possible  modifications  that  might  be  expected  as 
plateaus  split,  separate,  and  are  moved  laterally.  The  following  predictions  from  the  model  are  compared 
to  some  observations  of  Venus  plateaus:  1)  Presence  of  plateau?  with  predicted  characteristics, a u 
15%  of  the  area  covered  by  Venera  15/16  data  show  the  presence  of  plateaus  which  have  at  least  some  of 
the  characterisucs  outlined  above,  and  other  areas  of  the  surface  have  plateaus  which  are  characterized  by 
tessera-like  fabrics  (10);  2)  Marginal  deformation  of  plateaus  caused  by  localizauon  of  deformation  along 
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potential  zones  of  weakness  at  edges  of  plateaus  (e.g.,  crustal  thickness  differences,  fracture  zone 
boundaries  of  plateaus);  possibly  initiated  by  changes  in  tectonic  geometry.  Marginal  deformation  is 
observed  along  the  borders  of  western  Tellus  and  Alpha.  3)  Accretion  with  other  plateaus  may  occur 
when  two  plateaus  converge;  if  underthrusting  and  crustal  loss  occur  (1 1),  then  when  zones  of  thicker 
crust  converge,  they  may  resist  further  underthrusting  and  coalesce  to  form  a larger  plateau.  Such  a 
situation  has  been  porposed  for  the  Clotho  Tessera/Danu  Montes  region  of  Ishtar  Terra  (12).  4)  Collage 
accretion  would  occur  when  plume  plateaus  with  thick  crust  become  the  locus  of  accretion  and  continue 
to  grow  by  collection  of  plume  plateaus  and  associated  deformation.  Such  collages  of  plume  plateaus 
might  be  viewed  as  'protocontinents'.  This  situation  may  be  occurring  in  Ishtar  Terra,  where  various 
segments  of  thickened  crust  appear  to  be  converging  and  accreting  into  a larger  upland  plateau  with 
associated  orogenic  belts  and  suture  zones  (13).  5)  Volcanic  flooding  and  embayment  would  be  expected 
and  low  elevation  plateaus  (relatively  thin  crust)  might  be  partially  to  wholly  buried  depending  on  the  off- 
rise  volcanic  contribution.  Many  of  the  topographically  low  regions  of  tessera  are  distinctly  embayed  and 
partially  buried,  and  almos  all  show  embayment  relationships  by  surrounding  plains. 

Predictions:  Are  the  plateaus  in  middle  to  high  latitudes  remnants  of  thick  crust  originally  created  at 
rise  crests  (’plume  plateaus')  and  transported  laterally  to  their  present  positions?  This  hypothesis  makes 
several  predictions  that  can  be  tested:  1)  shallowly  compensated  evolved  plume  plateaus  (depths  related  to 
crustal  thickness);  2)  textures  and  structures  that  can  be  linked  to  plateau  origin  at  rise  crests  (e.g., 
analogs  to  fracture  zones  and  abyssal  hills  on  Earth's  seafloor);  3)  symmetry  of  plateaus  about  their  point 
of  origin  should  be  observed  if  they  are  split  and  rifted;  4)  internal  structures  should  be  observed 
consistent  with  their  mode  of  formation  and  direction  of  splitting  and  spreading;  5)  plateau  size  frequency 
distribution  and  shapes  consistent  with  plume  production.  Many  of  these  predicitons  can  be  tested  with 
observations  from  the  upcoming  Magellan  mission. 

Possible  relationships  to  the  Earth:  Oceanic  plateaus  are  a well-known  phenomenon  in  the  Earth's 
ocean  basins  (14)  and  Iceland  is  a clear  example  of  the  formation  of  a plateau  at  a rise  crest  (7).  Some 
presently  off-axis  oceanic  plateaus  are  thought  to  have  formed  at  rise  crests  and  been  moved  laterally  (8). 
Oceanic  plateaus  have  been  proposed  to  be  important  in  continental  accretion  because  of  crustal  thickness 
differences  and  suturing  during  subduction  (15).  We  are  presently  analyzing  oceanic  plateaus  on  Earth  for 
clues  as  to  basic  processes  of  their  formation  and  evolution  which  might  aid  in  the  understanding  of 
plateaus  formed  on  Venus. 
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TWO  GLOBAL  CONCENTRATIONS  OF  SMALL  DOME-LIKE  HILLS  ON  VENUS 

Jayne  C.  Aubele,  Department  of  Geological  Sciences,  Brown  University,  Providence,  R1  02912 

Introduction.  Small  dome-like  hills  are  among  the  smallest  resolvable  features  with  distinguishing 
characteristics  in  Venera  15/16  images  of  Venus[l].  More  than  22,000  small  dome-like  hills  have  been  mapped  in  the 
20%  of  the  surface  imaged  by  Venera  and  they  are  the  most  numerous  identified  single  morphologic  feature  on  Venus. 
Domes  are  defined  and  identified  on  the  basis  of  their  positive  topographic  form,  generally  circular  plammetric  outlines, 
diameters  in  the  range  l-2km  to  20km,  and  slopes  of  <10°  (and  probably  <5°)  [2].  Associated  characteristics  include 
summit  pits,  radar  bright  slopes  and  aprons,  and  basal  topographic  platforms  [3]. 

On  the  basis  of  an  assessment  of  their  individual  and  cluster  characteristics,  their  overall  surface  distribution  and 
associations^],  and  theoretical  analyses  of  the  eruption  conditions  for  magmas  on  Venus[4],  domes  have  been  shown  to 
be  analogous  to  the  characteristics  of  small  shield  volcanoes  constructed  from  multiple  centralized  effusive  eruptions 
consiting  of  discrete  volumes  of  material  erupted  over  short  time  intervals.  On  the  basis  of  their  overall  abundance, 
regional  distribution,  individual  characteristics,  and  associated  geologic  terrain  units,  they  are  interpreted  to  be  similar  to 

seamounts  on  Earth  [3].  , 

In  this  study  we  show  that  domes  on  Venus  predominantly  occur  in  their  greatest  concentration  m two  regions  that 
are  near  Beta  Regio  and  Thetis  Regio.  These  well-known  global  topographic  rises  have  been  previously  interpreted,  on 
the  basis  of  a variety  of  characteristics,  to  represent  potential  hot  spots  and  regions  of  anomalous  heat  flow,  associated 
rifting,  and  dynamic  topography.  The  concentration  of  domes  in  these  two  areas  may  represent  increased  volcanic 
productivity  associated  with  enhanced  regional  thermal  budgets,  perhaps  in  association  with  large  scale  regions  of 

mantle  convective  upwelling.  t c 

Global  Distribution.  Dome  density  contour  maps  produced  by  Slyuta  et  al  [2]  show  local  and  regional  clustering  of 

domes  in  specific  areas,  particularly  in  the  Akkruva  Colies  area.  For  the  present  study,  detailed  maps  of  dome  location 
number  and  distribution  for  every  Venera  quadrangle  have  been  prepared  in  which  all  domes  larger  than  5 km  are  ldentiried 
and  digitized.  Only  bright  features  showing  a paired  dark  side  were  interpreted  to  be  domes  and  included  in  the  data  set.  The 
resultant  dome  point  map  shows  two  significant  areas  of  major  dome  concentrations  approximately  180°  aP^ 

(i)  the  largest  concentration  occurs  in  the  Akkruva  Colles  area  of  Niobe  Plamtia  centered  at  approximately  45  N/120  E 
and  including  Ananke,  Kutue  and  Shimti  Tesserae  and  Uni  Dorsa  (east  of  Tellus  Regio,  and  just  north  of  the  flanks  of  the 
Thetis  Regio  rise),  and  (ii)  another  significant  concentration  occurs  in  northwestern  Guinevere  Plamtia  centered  at 
approximately  35°N/300°E  and  including  Lachesis  Tessera  (north  flank  of  Beta  Regio  rise).  Because  these  areas  lie 
adjacent  to  the  limits  of  Venera  image  coverage,  the  extent  of  these  regional  clusters  is  known  only  for  their  north,  east, 
and  west  margins.  In  addition  to  these  major  areas  of  concentrations,  domes  occur  in  smaller  concentrations  throughout 
the  imaged  area  of  Venus,  generally  in  association  with  known  local  scale  volcanic  edifices,  calderas  [5],  and  certain 
features  (corona)  interpreted  to  be  volcanic  in  origin  [6]. 

Global  Association.  The  Akkruva  and  Beta  dome  concentration  areas  are  also  anomalous  in  other  respects.  Both 
areas  predominantly  consist  of  intermediate  elevations  (6051-6053)  and  show  relatively  prominent  regional  orthogonal 
tectonic  patterns  analogous  to  those  associated  with  tessera.  These  characteristics  stand  in  contrast  to  surrounding 
regions  of  relatively  smooth  low-lying  plains  and  to  the  complexly  disturbed  and  elevated  surfaces  of  adjacent  areas  of 
true  tessera  and  imply  that  the  surfaces  on  which  the  two  significant  dome  concentrations  occur  have  a more  complex 

origin  than  do  the  simple  smooth  low  elevation  plains.  . 

Both  areas  generally  coincide  with  the  unit  designated  Rolling  Plains  [7]  and  with  the  Plains-Corona-Tessera, 
Plains,  and  Plains-Corona  Assemblages  [7].  These  assemblages  can  be  characterized  in  a tectonic  sense  as  having  formed 
predominantly  from  vertically  directed  dcformational  forces  [7]  as  opposed  to  significant  lateral  deformation  known  to 
occur  elsewhere  [8].  The  Beta  concentration  has  been  imaged  by  Arecibo  high-resolution  radar  and,  on  this  basis,  large 
volcanic  edifices[Campbell  et  al.  1989]  are  known  to  occur  in  association  with  domes  in  this  area.  Analysis  of  Pioneer- 
Venus  radar  properties  [9]  also  distinguishes  these  areas  as  smooth  to  transitional  in  roughness  and  low  to  intermediate  in 
reflectivity,  which  has  been  interpereted  [9]  as  implying  a predominant  surface  material  ranging  from  porous  material 
such  as  soil  to  a material  comparable  to  terrestrial  rock.  These  characteristics  are  consistent  with  surface  exposure  of 
rough  to  smooth  plains-forming  lava  flows  with  variable  degrees  of  surficial  weathering  products  overlying  smooth 
surfaces  and  infilling  small-scale  surface  roughness  elements. 

Discussion.  Both  of  the  regional  dome  concentrations  occur  on  the  slopes,  or  in  proximity  to,  significant  regional 
topography  that  correlates  with  positive  anomalies  in  the  gravity  potential  field  [10].  Both  the  Beta  Regio  and  Thetis 
Regio-Eastem  Aphrodite  areas  have  been  shown  previously  to  be  characterized  by  topography/gravity  correlations  [10] 
and  correspondingly  deep  apparent  depths  of  compensation  commonly  interpereted  to  represent  deep  convective 
upwelling,  dynamically  supported  topography,  and  associated  dynamic  tec  onic  deformation.  These  characteristics  are 
large  enough  to  show  considerable  expresssion  even  at  low  harmonic  deg  ees  [11]  (long  wavelengths),  implying  that 
their  origin  is  significant  at  global  scales,  and  that  the  effects  of  the  perturbi  lg  underlying  mantle  may  be  expressed  over 
areas  larger  than  the  topographic  influences  alone.  , 

Predicted  influences  of  significant  dynamic  mantle  upwelling  include  enhanced  regional  heat  flow  associated  wim 
the  correspondingly  warm  upwelling  mantle,  and  local  lithospheric  thinning,  associated  rifting,  a significant  increase  in 
shallow  mantle  melting,  corresponding  increases  in  magma  production,  and  increase  in  surface  volcanic  production  rates 
and  crustal  thickness.  The  presence  of  numerous  small  effusive  volcanoes  in  these  areas  on  Venus  is  interpreted  to 
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represent  enhanced  regional  and  global  scale  distribution  of  advective  heat  flow  in  association  with  two  areas  of  large 
scale  dynamic  mantle  upwelling. 

Global  scale  clustering  of  volcanic  edifices  on  this  scale  is  known  to  occur  on  Earth  and  may  represent  similar  large 
scale  mantle  convective  processes.  On  Earth  a degree  2 pattern  of  hot  spot  concentrations  (Pacific  and  Africa-North 
Atlantic  hot  spots  centered  180°  apart)  is  known  to  correlate  with  degree  2 variations  in  upper  mantle  temperature,  and, 
once  corrected  for  shallow  density  variations  in  the  lithosphere,  corresponding  geoid  highs  can  be  shown  as  well  [12]. 
These  observations  have  been  interpreted  to  reflect  large  scale  patterns  of  mantle  convective  upwelling  on  Earth  [13], 
associated  increased  upper  mantle  temperatures  and  hemispheric  regions  of  enhanced  volcanism  (antipodal  hot  spot 
concentrations). 

Conclusions.  Two  global  scale  regions  of  dome  concentration  occur  on  Venus,  one  near  Beta  Regio  and  another  north 
of  Thetis  Regio,  and  are  interpreted  to  be  exceptionally  large  concentrations  of  numerous  small  effusive  shield 
volcanoes.  Corresponding  associated  anomalous  geologic  unit  characteristics,  intermediate  (neither  "lowland  nor 
highland")  regional  elevation  of  the  surface,  proximity  to  large  regional  highlands,  and  correlated  long  wavelength 
positive  gravity  anomalies  are  all  associated  characteristics  of  both  of  these  areas.  On  the  basis  of  the  regional  positive 
gravity  and  topography  correlations  and  associated  geologic  characteristics  indicative  of  rifting  and  tectonic  extension, 
the  nearby  highland  areas  of  Beta  and  Thetis  Regio  have  been  commonly  interpreted  as  potential  regions  of  dynamic 
mantle  support  of  overlying  topography,  buoyant  mantle  upwelling  and  increased  mantle  heat  flow.  If  so,  the 
concentration  of  effusive  volcanic  activity  near  these  areas  is  suggested  to  reflect  two  areas  of  regionally  enhanced 
thermal  budgets,  increased  shallow  melting,  and  relatively  enhanced  higher  volcanic  production  and  eruption. 

Questions  that  remain  include  the  following:  (i)  is  the  apparent  longitudinally  antipodal  concentration  of  regional 
volcanic  activity  an  artifact  of  the  limited  area  and  limited  resolution  currently  available  for  Venus?;  (ii)  are  other  areas 
interpreted  to  be  characterized  by  the  geological  and  geophysical  characteristics  of  dynamic  mantle  upwelling  also  areas 
of  enhanced  volcanic  effusive  activity?;  and  (iii)  what  is  the  dome  global  distribution,  abundance,  size- frequency 
distribution,  and  changes  in  these  characteristics  with  latitude?  Increased  resolution  of  small  domes  less  than  2 km  in 
diameter  and  increased  areal  identification  from  Magellan  data  will  enable  a more  thorough  assessment  of  these  questions. 
References,  [I]  Barsukov,  V.L.,  et  al.,  1986,  Proa.  LPSC  XVI,  J.G.R.  91,  B4,  D378;  [2]  Slyuta,  et  al.t  1988,  LPSC 
XIX , 1097;  Aubcle,  J.C.,  et  al.,  1988,  LPSC  XIX , 21.  [3]  Aubele,  J.C.,  1989,  LPSC  XX , 28;  [4]  Head,  J.W.  and 
L.  Wilson,  1986,  J.G.R.  91,  9407;  [5]  Magee,  K.P.,  and  J.W.Head,  1988,  LPSC  XIX ; [6]  S to  fan,  E.R.,  and  J.W.Head, 
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Aubele,  J.C.:  Global  Concentration  of  Venus  Domes 


Dome  location  map.  All  domes  larger  than  5 km  were  mapped  on  Venera  quadrangles, 
digitized  and  re-projected  to  a polar  projection.  Venera  image  coverage  ends  at  ap- 
proximately 20°  latitude.  Domes  primarily  occur  in  rolloing  plains  terrain.  Two  major 
areas  of  dome  concentration  occur  at  120°  longitude,  north  of  Thetis  Regio  in  the  Ak- 
kruva  Colles  area  and  at  300°  longitude,  northeast  of  Beta  Regio  in  Guinevere  Planitia. 
Dome  abundance  is  depleted  in  the  areas  of  predominant  ridge  belts  and  in  the  area  of 
Lakshmi  Planum.  Total  number  of  domes  plotted  is  7000. 
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THE  POTENTIAL  FOR  AEOLIAN  STRUCTURES  ON  VENUS: 

A SYNOPSIS  OF  EVIDENCE  FROM  EXPERIMENTAL  INVESTIGATIONS 

WITH  THE  VENUS  WIND  TUNNEL 
John  R.  Marshall  and  Ronald  Greeley 
Department  of  Geology,  Arizona  State  University,  Tempe,  AZ  85287 

There  are  basically  two  requirements  for  the  formation  of  aeolian  structures  on  a planetary 
surface:  a supply  of  loose  sediment  and  winds  in  excess  of  the  sediment  mobilization  threshold. 
The  high  temperatures  and  chemical  reactivity  of  the  venusian  atmosphere  have  the  potential  for 
indurating  surface  materials  by  chemical  welding  and  by  processes  related  to  solid-state  diffusion 
such  as  cold  welding  and  sintering.  Conversely,  the  high  temperatures  should  tend  to  destroy 
electrostatic  interparticle  forces  which  contribute  to  sediment  cohesion  on  Earth;  sediment  cohesion 
on  this  planet  is  also  partly  a function  of  forces  exerted  by  traces  of  interstitial  moisture.  These 
latter  forces  would,  of  course,  be  absent  on  Venus. 

Thus,  arguments  could  be  made  both  for  and  against  the  existence  of  loose  sediments  on 
Venus.  However,  Venera  spacecraft  recorded  dust  mobilization  upon  contact  with  the  venusian 
surface  (Ksanfomaliti  et  al.,  1983).  Venera  landers  also  recorded  wind  speeds  equal  to,  or  in 
excess  of,  wind  speeds  theoretically  required  (Iversen  et  al.,  1976)  to  mobilize  sediments. 
Because  the  spacecraft  instruments  functioned  for  no  more  than  a few  hours,  the  wind  speed  data 
cannot  be  considered  truly  representative;  it  seems  unlikely  that  the  instruments  fortuitously 
recorded  maximum  wind  speeds  for  the  planet. 

Because  a reasonable  case  can  be  made  for  the  potential  for  aeolian  action  on  Venus, 
simulations  of  the  venusian  environment  have  been  made  with  the  Venus  Wind  Tunnel  (VWT). 
These  simulations  (Greeley  et  al.,  1984a,b)  have  demonstrated  two  important  facts:  first, 
sediments  ranging  in  size  from  silt  to  coarse  sand  are  readily  mobilized  by  winds  of  the  strength 
measured  by  Venera  craft  and  second,  this  mobilization,  almost  without  exception,  leads  to  the 
formation  of  small-scale  sediment  structures  whose  orientation  with  respect  to  wind  direction  is  a 
strong  function  of  wind  strength. 

'Die  VWT  is  a closed-circuit  wind  tunnel  with  a flow-path  circumference  of  -12  m.  The 
test  section  is  1.2  m long  and  0.2  m in  diameter.  The  tunnel  is  pressurized  with  carbon  dioxide  to 
(typically)  30  bar  which  produces  an  atmospheric  density  equivalent  to  that  on  Venus  at  the 
geodetic  datum  where  temperature  and  pressure  are  770  K and  95  bar  respectively.  VWT 
experiments  have  succeeded  in  determining  threshold  wind  speeds  for  various  sediment  sizes,  the 
behavior  of  particles  in  motion,  sediment  flux,  and  the  role  of  wind  speed,  wind  duration,  particle 
size,  particle  size  distribution,  particle  density,  and  atmospheric  density  in  determining  the 
character  of  small-scale  aeolian  structures. 

At  very  low  wind  speeds  (~0.4  m/s)  when  particles  intermittently  roll  or  saltate,  sand-size 
materials  produce  ridge  and  furrow  structures  oriented  parallel  with  the  wind  direction.  When 
slightly  higher  wind  speeds  produce  a fully-developed  saltation  cloud,  the  aeolian  structures 
become  transverse  to  the  wind.  These  transverse  features  vary  somewhat  in  their  morphology, 
depending  upon  prevailing  conditions,  but  they  always  occur  in  regularly-spaced  trains  with  the 
individual  bedforms  having  lengths  of  several  tens  of  centimeters  and  heights  of  a few  centimeters. 
The  morphology  of  the  structures  is  most  sharply  defined  when  wind  speeds  are  close  to  saltation 
threshold;  here  the  structures,  which  are  referred  to  as  microdunes  (Greeley  et  al.,  1984b),  have 
well  developed  slip  faces,  gentle  stoss  slopes,  and  various  other  characteristics  reminiscent  of  full- 
scale  terrestrial  dunes. 

As  wind  speeds  are  raised  to  about  three  times  threshold  speed,  the  microdunes  grade  into 
more  symmetrical  ridges  and  waves  which  ultimately  give  way  to  a plane  bed.  The  same  type  of 
transition  is  observed  as  particle  size  becomes  larger;  coarse  sand  (mm  size)  does  not  develop 
structures.  When  atmospheric  density  is  reduced,  there  is  again  a similar  transition  in  bedform 
morphology;  the  structures  have  disappeared  entirely  by  the  time  atmospheric  density  reaches 
-0.03  g/cm3  (coincidentally,  the  minimum  value  for  Venus).  The  addition  of  dust-size  material  to 
a bed  of  sand,  or  the  mixing  of  sand  into  bimodal  populations,  again  detracts  from  the  microdune 
configuration  and  gives  rise  to  various  ridge  and  wave  morphologies.  Thus,  the  "optimum" 
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development  of  transverse  structures  (i.e.,  the  formation  of  microdunes)  occurs  for  well-sorted, 
fine  sand  at  wind  speeds  close  to  threshold  with  an  atmospheric  density  approaching  the  maximum 
for  Venus  (higher  gas  densities  than  those  capable  of  being  tested  (presumably)  would  also  be 
conducive  to  microdune  formation).  Deviations  from  these  conditions  cause  progressive  changes 
in  bedform  morphology  that  terminate  in  the  disappearance  of  the  bedforms. 

Although  the  potential  development  of  bedforms  on  Venus  is  clearly  constrained  by  a 
number  of  variables,  it  is  to  be  noted  that  as  the  "optimum"  set  of  conditions  is  approached,  the  set 
of  conditions  most  likely  to  prevail  on  the  planet  is  also  approached.  Most  entrainment  will 
probably  occur  close  to  threshold,  particles  will  tend  to  become  well  sorted  with  time,  the  size  of 
materials  most  readily  forming  transverse  structures  is  approximately  the  same  as  the  optimum  size 
for  transportation,  and  most  of  the  planet's  surface  has  atmospheric  densities  approaching  0.065 
g/cm3.  This  fortuitous  combination  of  circumstances  strongly  suggests  that  transverse  aeolian 
structures  would  be  found  on  the  surface  of  Venus,  unless  there  are,  as  yet,  unknown  negating 
factors  involved. 

With  respect  to  the  tendency  for  entrained  particle  populations  to  approach  unimodality  on 
Venus,  this  would  not  be  a unique  trend;  all  fluids  in  any  planetary  environment  (that  are  engaged 
in  transporting  sediments)  exercise  the  ability  to  sort  materials  by  size  or  density,  unless  transport 
occurs  catastrophically.  In  VWT  experiments  with  mixtures  of  particle  sizes  and  mixtures  of 
particle  densities,  the  sorting  of  materials  occurs  very  rapidly  in  the  presence  of  transverse 
bedforms.  During  the  development  of  a microdune,  fine  sediments  or  relatively  dense  materials 
become  concentrated  in  the  upper  layers  of  the  structure;  the  cycling  of  material  through  the 
structure  as  it  migrates  downstream  proves  to  be  a very  efficient  mechanism  for  sediment 
discrimination.  Thus,  not  only  do  transverse  structures  develop  in  mixed  sediments,  they  also 
have  a tendency  to  improve  their  viability  through  the  mechanism  of  internal  sediment  sorting. 

Well-developed,  highly  asymmetrical  microdunes  have  characteristics  reminiscent  of  large 
terrestrial  dunes  as  noted  above.  They  also  have  characteristics  of  current  ripples  formed  in 
subaqueous  environments.  Most  noteworthy  of  these  characteristics  are  the  size  of  the  structures, 
the  mode  of  particle  transport  over  the  structures,  and  the  presence  of  a deep  scour  hollow  in  the 
wake  of  the  lee  slope.  The  similarity  between  microdunes  and  current  ripples  is  not  wholly 
unexpected,  given  that  the  venusian  atmosphere  and  water  both  constitute  dense  fluids,  at  least  by 
comparison  with  terrestrial  or  martian  atmospheres.  A current  ripple  is  believed  to  be  the  smallest 
end  member  of  a continuum  or  family  of  subaqueous  bedforms  that  can  reach  many  tens  of  meters 
in  length  (Allen,  1984).  If  there  is  any  merit  to  the  comparison  between  microdunes  and  current 
ripples,  it  might  be  reasonable  to  postulate  the  existence  of  structures  on  Venus  that  are 
considerably  larger  than  those  observed  in  the  VWT.  In  fact,  in  VWT  experiments,  there  was 
evidence  to  suggest  that  microdunes  were  capable  of  growing  beyond  the  sizes  observed. 
Dimensional  limitations  of  the  tunnel  itself  restricted  direct  investigation  of  this  possibility. 

It  is  concluded  that  there  is  a high  probability  for  the  presence  of  aeolian  structures  on 
Venus  on  the  basis  of  VWT  experiments.  These  experiments  have  demonstrated  that  transverse 
bedforms  readily  develop  in  an  atmosphere  with  a density  equivalent  to  that  on  Venus,  that  the 
bedforms  develop  most  readily  when  wind  speeds  are  close  to  entrainment  threshold,  and  that  the 
bedforms  have  a self-sustaining  ability  resulting  from  their  sediment- sorting  efficiency.  VWT 
experiments  and  comparison  of  results  with  subaqueous  phenomena  both  suggest  that  venusian 
structures  may  achieve  wavelengths  considerably  greater  than  those  observed  in  the  laboratory. 
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CHARGED -PARTICLE  INDUCED  ALTERATIONS  OF  SURFACES 
IN  THE  OUTER  SOLAR  SYSTEM 

R.E.  Johnson,  School  of  Engineering  and  Applied  Science 
University  of  Virginia,  Charlottesville,  Virginia  22903-2442 

Solar  system  surfaces  unprotected  by  an  atmosphere  can  be  modified  by  plasma 
bombardment.  This  knowledge  can  be  used  to  establish  the  age  of  the  surface 
layer  and  the  rates  for  geologic  processes.  The  list  of  possible  irradiation 
effects  is  long  and,  indeed,  the  list  is  likely  to  be  increased  as  the  data  on 
Uranus,  Halley,  and  Pluto  are  further  analyzed.  In  addition  there  is  the 
renewed  interest  in  the  lunar  surface  for  which  plasma  effects  are  well 
documented  but  only  partially  understood.  In  this  work  we  make  accurate 
assessments  of  surface  of  objects  for  which  relevant  laboratory  information  on 
irradiation  effects  is  available  or  can  be  successfully  extrapolated.  Until 
sample  return  missions  are  possible,  the  limitations  of  observations  to  the 
outer  layers  of  solid  objects  requires  careful  evaluation  of  the  surface 
modifications  which  can  affect  interpretations  of  remote  sensing  data. 
Sputtering  and  other  irradiation  effects  have  been  used  to  account  for  many 
initially  uncertain  observations,  and  often  these  initial  guesses  have  been 
wrong . Our  models  for  our  laboratory  data,  therefore,  provide  important 
constraints  and  we  have  shown  that  plasma  interactions  are  important  for 
interpreting  solar  system  observation  in  a number  of  cases . 

In  the  previous  two  years  we  placed  strong  emphasis  on  describing  the  plasma 
interaction  with  possible  Io  surface  constituents  S02,  sulfur,  and  Na2S  in 
order  to  interpret  polar  darkening  by  radiation  and  ejection  of  species  into 
the  atmosphere  and  torus . More  recently  we  have  calculated  the  plasma 
bombardment  profiles  of  the  surfaces  of  the  icy  Saturnian  satellites  to 
interpret  reflection  spectra.  In  the  last  funding  period  we  evaluated  the 
effect  of  charged  particles  on  the  surfaces  (mantles)  of  Pluto  and  of  comets  in 
the  Oort  cloud.  These  surfaces  have  been  irradiated  for  4.6  x 106  years  by 
galactic  cosmic  rays  and  there  has  been  considerable  speculation  as  to  the 
ramifications  of  this  irradiation  process. 

Pluto's  exposure  to  cosmic  rays  results  in  a slow  alteration  on  the 
reflectance  of  the  methane  condensed  on  its  surface  and  the  UV  absorbed  in  the 
atmosphere  can  produce  precipitates.  If  the  atmosphere  is  global  then  the 
galactic  cosmic  rays  are  the  dominant  source  for  inducing  alterations  in  the 
absence  of  local  fields  which  might  produce  particle  precipition.  We  showed 
that,  depending  on  the  rates  of  the  competing  regolith  processes  and  the  rates 
of  replenishment  of  the  methane  the  surface  can  appear  bright,  'red'  or  dark  . 
Using  laboratory  data  we  showed  that  the  amount  of  darkening  occurring  in  one 
orbit  is  small.  Therefore,  transport,  burial  and  re-exposure  of  organic 
’sediments'  must  control  the  reflectance  and  the  average  reflectance  is 
established  by  the  radiation  altered  species  accumulated  over  many  orbits  with 
the  observed  spatial  and,  possibly  temporal  differences  in  albedo  due  to 
transport.  The  cosmic  rays  although  producing  changes  in  reflectance  slowly, 
do  so  inevitably.  Therefore,  the  fact  that  the  surface  is  not  dark  everywhere 
implies  that  it  is  active  and  the  exposure  rates  vs.  depth  into  the  surface 
given  in  the  paper  on  Pluto  can  be  used  to  constrain  turnover  rates. 
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Comets  in  the  Oort  cloud  experience  similar  effects.  This  irradiation 
processing  occurs  in  competition  with  a number  of  surface  alteration  processes 
evaluated  by  Stern.  First,  we  corrected  the  many  different  estimates  of  cosmic 
ray  dose  that  have  led  to  'primordial'  mantles  varying  from  50  m to  a few  cm 
The  cosmic -ray- induced  refractory  mantle  should  be  of  the  order  of  30  gm/cm2 
Including  the  other  surface  alteration  processes  will  not  seriously  affect  this 
estimate.  These  discussions  are  summarized  in  a review  chapter  in  the  Bamburg 
proceedings.  Recently,  experimental  data  have  been  used  by  us  to  show  that 
this  crust  will  survive  the  comet's  entrance  into  the  inner  solar  system. 

Finally,  our  most  recent  effort  has  been  an  evaluation  of  the  coupling 
between  the  atoms  and  molecules  in  lunar  corona  with  the  composition  of  the 
local  surface.  Directly  sputtered  species  were  shown  to  give  an  energetic 
corona  indicative  of  the  average  composition  of  the  moon's  surface  and  those 
sputter  species  interacting  with  the  regolith  will  give  local  (*100  km) 
information  using  atmospheric  instruments  on  the  Lunar  Orbiter. 
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The  thermal  regime  of  porous  ice  can  be  modified  by  phase  changes  and  vapor 
transport  taking  place  throughout  its  volume.  Sunlight  can  also  penetrate  to  consider- 
able  depths  in  high  albedo,  translucent  ice.  When  this  insolation  is  absorbed  below 
the  surface  and  cannot  radiate  from  below  the  surface,  which  is  the  case  for  water  ice, 
a "solid  state  greenhouse"  results.  The  effect  of  phase  changes,  vapor  transport  and 
sunlight  penetration  and  absorption  on  the  temperature  profile  of  the  ice  can  vary  con- 
siderably depending  upon  the  thermal  and  optical  properties  of  the  ice  and  the  avail- 
able illumination.  These  processes  have  been  known  and  studied  for  years  in  terres- 
trial snowpacks,  but  they  have  not  been  included  in  a single,  unified  model.  Previous 
thermal  models  of  surface  volatiles  for  extraterrestrial  applications  have  generally 
assumed  that  sublimation  occurs  only  at  the  boundary  of  materials  containing  vola- 
tiles.  However,  it  is  clear  that  for  any  porous  material  containing  ices,  both  sublima- 
tion  and  condensation  can  occur  at  any  gas-solid  interface  within  the  material.  Just  as 
the  latent  heat  can  significantly  affect  the  surface  temperature  of  a frost  covered  body, 
sublimation  and  condensation  throughout  the  bulk  material  can  also  produce  signifi- 
cant changes  in  the  volumetric  temperature  distribution.  Convection  can  also  affect 
the  temperature  distribution  inside  porous  materials,  although  in  most  natural  set- 
tings, the  effect  is  considerably  less  than  the  latent  heat.  Sublimation  and  condensa- 
tion can  also  cause  at  least  temporary  variations  in  certain  physical  properties  of  a 
porous  icy  medium,  such  as  porosity,  density  and  thermal  conductivity. 

The  "solid  state  greenhouse  effect"  has  been  recently  modeled  by  Brown  and 
Matson  (1987)  and  Matson  and  Brown  (1989).  Clow  (1987)  considered  the  implication 
of  this  effect  for  frost  on  Mars,  and  Carr  (1983)  included  it  implicitly  in  his  calculations 
for  the  stability  of  streams  and  lakes  on  Mars.  However,  none  of  these  models  included 
the  effect  of  volumetric  phase  changes  and  vapor  transport. 

A model  that  includes  the  effects  of  volumetric  phase  changes,  vapor  transport 
and  sunlight  penetration  has  been  developed  and  applied  to  the  Jovian  satellite 
Europa.  Europa  has  a high  albedo  icy  surface,  which  is  implied  by  observations  to 
have  a low  density  and  a very  low  thermal  conductivity  (100  ergs/cm-s-K).  The  core 
of  our  model  is  an  energy  equation  that  includes  the  effects  of  conduction,  convection, 
sublimation/condensation  and  insolation  penetration.  Vapor  flux  equations  for  the  free 
molecular  regime  and  the  continuum  regime  are  included.  The  thermal  conductivity 
and  the  insolation  extinction  coefficient  are  considered  as  free  parameters,  and  reason- 
able ranges  of  these  parameters  are  considered.  The  domain  under  consideration  is 
assumed  to  be  pure  water  ice.  The  surface  boundary  condition  includes  the  effects  of 
radiation,  latent  heat  and  heat  conduction.  Insolation  is  not  included  in  the  boundary 
condition  because  the  model,  to  be  consistent,  requires  that  insolation  be  absorbed  by 
a finite  thickness  of  ice.  Therefore,  the  surface  is  heated  from  below  by  upward  con- 
duction. The  boundary  condition  at  depth  is  a small  upward  heat  flow.  The  pores  of 
the  ice  contain  vapor  which,  when  at  equilibrium  with  the  ice,  is  maintained  at  the 
vapor  pressure  governed  by  the  local  temperature.  The  temperature  variation  with 
depth  results  in  a pressure  variation.  The  pressure  gradient  induces  a flow  which 
momentarily  perturbs  the  vapor  pressures  away  from  the  equilibrium  values.  When 
this  occurs,  ice  is  sublimed  or  vapor  is  condensed,  depending  on  the  direction  of  the 
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pressure  perturbation,  at  a rate  such  that  the  local  equilibrium  vapor  pressure  is  main- 
tained. 

Temperatures,  vapor  fluxes  and  volumetric  rates  of  ice  sublimation  or  condensa- 
tion were  computed  as  functions  of  depth  and  time  of  day  for  a regolith  column  at  0 
latitude  and  an  albedo  of  .6.  Various  cases  were  computed  using  thermal  conductivi- 
ties of  100  and  1000  ergs/cm-s/K,  insolation  extinction  coefficients  of  .1  an  .2  cm  and 
pore  sizes  of  1 and  10  microns  in  various  combinations.  Sample  results  axe  shown  in 
figures  1 and  2.  The  temperature  for  the  time  of  day  that  gives  the  maximum  surface 
temperature  is  shown  in  figure  1 for  various  cases,  and  the  vapor  fluxes  for  the  same 
conditions  and  cases  are  shown  in  figure  2. 

The  thermal  conductivity  is  the  most  important  parameter  in  determining  the 
magnitude  of  the  'solid  state  greenhouse  effect".  A very  low  thermal  conductivity  of 
100  ergs/cm-s-K  results  in  temperatures  reaching  the  triple  point  of  water  at  depths 
greater  than  7 to  15  cm  on  Europa  depending  on  time  of  day.  Maximum  surface  tem- 
peratures range  from  98  to  108  K for  these  cases.  A thermal  conductivity  of  1000 
ergs/cm-s  K results  in  maximum  temperatures  of  141  to  174  K depending  on  the  opti- 
cal opacity.  Maximum  surface  temperatures  axe  slightly  less  than  110  K for  these 
cases.  Phase  changes  and  vapor  transport  in  the  porous  ice  greatly  reduce  the  "solid 
state  greenhouse  effect  in  water  ice  compared  to  that  which  would  occur  in  translu- 
cent, nonvolatile  materials.  Maximum  vapor  fluxes  axe  4*10**(-7)  or  4*10**(-8),  for  10 
and  1 micron  pore  sizes,  and  occur  at  depths  slightly  above  where  the  triple  point  of 
water  is  reached  for  the  cases  of  low  thermal  conductivity.  Maximum  vapor  fluxes  axe 
five  to  seven  orders  of  magnitude  less  for  the  cases  of  high  thermal  conductivity. 
Above  the  depth  of  maximum  vapor  flux,  the  vapor  fluxes  decrease  rapidly  as  the  sur- 
face is  approached,  and  vapor  is  condensed,  possibly  causing  the  density  of  the  ice  very 
near  the  surface  to  slowly  increase  with  time. 

Although  temperatures  near  the  surface  reach  the  melting  point  of  water  ice  for 
the  cases  of  low  thermal  conductivity,  the  vapor  in  the  pores  at  these  depths  is  tran- 
sported to  colder  locations  nearer  to  the  surface  where  it  condenses.  This  acts  as  a 
release  mechanism  to  permit  gas  to  escape  from  ice  at  higher  temperatures.  Almost  no 
gas  can  escape  at  the  very  cold  surface,  since  it  condenses  before  it  gets  there.  Addi- 
tional heat  supplied  to  the  ice  at  the  melting  point  of  water  ice  can  be  carried  away 
with  the  escaping  vapor,  maintaining  the  gas  pressure  in  the  pores  at  the  equilibrium 
vapor  pressure.  As  liquid  water  droplets  form,  they  axe  quickly  vaporized  to  maintain 
the  equilibrium  vapor  pressure  against  the  escaping  gas.  At  greater  depths,  the  pres- 
sure of  the  overlying  crust  would  compress  the  ice,  reducing  the  porosity  and  eliminat- 
ing the  flow  passages  in  the  ice.  The  vapor  would  no  longer  have  access  to  colder  loca- 
tions where  it  can  condense.  Under  these  conditions,  the  pressure  can  increase,  allow- 
ing liquid  water  to  exist  as  a stable  phase  at  greater  depths. 
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PROGRESS  IN  SOLID-STATE  GREENHOUSE  MODELS  FOR  ICY  SATELLITES.  Robert  Ham- 
ilton Brown  (JPL/Caltech) 

Telescopic  Constraints  on  Models 

Recently,  models  of  the  subsurface  temperature  distributions  of  icy 
satellites  have  suggested  the  possibility  of  a solid-state  greenhouse 
effect.  (Brown  and  Matson  1987;  Matson  and  Brown,  1989).  The  effect  arises 
primarily  because  insolation  is  absorbed  over  a finite  distance  in  a regol- 
ibh,  rather  than  at  the  surface  as  is  assumed  by  most  classical  thermophy- 
sical models.  The  magnitude  of  the  effect,  and  the  subsurface  temperatures 
achieved  as  a result,  may  have  important  implications  for  geophysical 
models  of  high-albedo,  icy  bodies.  This  is  because  actual  boundary- layer 
temperatures  may  in  fact  be  significantly  higher  than  those  assumed  in  pre- 
vious studies,  facilitating  interior  melting  of  such  bodies. 

Because  sunlight  is  allowed  to  be  absorbed  over  a finite  distance  in 
an  icy  regolith,  solid-state  greenhouse  models  predict  different  shapes  for 
both  the  cool-down  and  warm-up  flux  curves  as  compared  to  those  predicted 
by  models  that  don't  allow  for  surface  penetration  of  sunlight.  Therefore, 
observations  of  eclipses  of  icy  satellites  in  the  thermal  infrared  can,  in 
principle,  constrain  their  near -subsurface  temperatures.  To  this  end 
several  models,  including  solid-state  greenhouse  models,  were  fit  to 
recently  obtained,  narrow-band  observations  of  eclipses  of  Europa  and 
Ganymede  at  8.7  pm.  These  two  bodies  were  chosen  for  the  initial  work 
because  their  albedos  suggest  that  sunlight  may  penetrate  their  regoliths 
deeply  enough  to  cause  substantial  subsurface  heating  beyond  what  is 
predicted  by  a classical  thermal  diffusion  model.  The  new  models  are  more 
detailed  that  those  used  in  previous  analyses  of  eclipse  heating  and  cool- 
ing curves  (see  chapter  by  Morrison  in  Planetary  Satellites) . These  models 
not  only  include  solid-state  greenhouse  effects,  but  also  take  into  account 
the  fact  that  the  Jupiter -facing  hemispheres  of  Europa  and  Ganymede  see 
eclipses  during  each  orbit,  while  the  anti -Jupiter  faces  do  not.  The 
models  also  take  account  the  effects  of  the  Jovian  penumbra  and  the  finite 
size  of  the  satellite  as  Jupiter's  shadow  sweeps  across  it  during  eclipse 
ingress  and  egress . 

Several  models  of  the  eclipse  flux  curves  of  Europa  that  assume  no 
sunlight  penetration  into  the  regolith  were  examined,  as  well  as  models 
that  allow  sunlight  penetration.  To  date  I have  not  been  able  to  find 
satisfactory  matches  to  the  eclipse  flux  curves  with  non- greenhouse  models 

either  assume  uniform  thermal  properties  with  depth  or  assume  two- 
layers-  -an  upper  layer  of  low  density  and  a lower  layer  of  high  density 
(similar  to  those  used  by  Morrison  and  Cruikshank,  and  Hansen  for  Ganymede 
and  Callisto) . It  is  possible,  however,  to  match  the  flux  curves  of  Europa 
at  8.7  microns  with  a model  that  has  uniform  properties  with  depth  and 
allows  sunlight  penetration  with  a scale  length  of  about  1 centimeter.  The 
resulting  predicted  greenhouse  temperature  of  the  subsurface  at  Europa' s 
equator  is  -140  ± 30  K and  the  predicted  penetration  scale  length  for  sun- 
light is  about  1 cm. 
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Laboratory  Constraints 

In  a further  effort  to  understand  the  solid-state  greenhouse  effect 
from  a laboratory  perspective,  a series  of  simple  laboratory  experiments 
was  performed.  The  experiments  study  the  temperature  response  of  800-/xm 
soda- lime  glass  beads  in  a vacuum  of  about  10  torr  with  carefully  moni- 
tored boundary  conditions  such  as  the  effective  temperature  of  the  radia- 
tion field  seen  by  the  surface  of  the  bead  bed.  Preliminary  measurements 
under  vacuum  indicate  that  inversions  in  the  subsurface  temperature  profile 
are  significant  and  permanent,  providing  strong  confirmation  of  the  solid- 
state  greenhouse  effect. 

Using  quartz  halogen  lamps  as  an  illumination  source  with  incident 
fluxes  of  about  0.1  w/cm2  a solid-state  greenhouse  temperature  inversion  of 
-70  ° K was  observed  peaking  at  about  6 mm  below  the  surface  of  the  bead 
bed.  The  inversion  established  itself  within  30  minutes  of  the  onset  of 
illumination  and  was  nearly  70  °K  when  the  experiment  was  shut  down  7.5 
hours  later.  A simple  greenhouse  model  that  uses  thermal  parameters 
appropriate  for  soda- lime  glass  beads  in  a vacuum  at  pressures  lass  than 
about  10' 5 torr  matches  quite  well  the  transient  response  of  the  bead  bed 
to  the  incident  light.  Although  it  was  not  possible  to  measure  the  tem- 
perature of  the  bead  bed  for  the  -48  hours  that  it  would  have  taken  to 
approximately  reach  steady  state,  the  model  runs  matching  the  transient 
behavior  predict  a steady  state  temperature  inversion  of  -150  K for  this 
experiment.  The  modeling  and  measurements  are  ongoing. 

Applications 

One  of  the  great  surprises  of  the  Voyager  encounter  with  Neptune  and 
Triton  was  the  discovery  of  active  volcanism  on  Triton.  At  least  two 
active  plumes  were  discovered,  as  well  as  several  dark  streaks  in  Triton's 
south  polar  regions.  The  dark  streaks,  although  not  seemingly  active  at 
present,  may  well  be  the  recent  remains  of  plumes  similar  to  those  that  are 
presently  active.  The  bulk  of  the  dark  streaks  are  concentrated  in  the 
regions  near  Triton's  south  pole  at  latitudes  south  of  about  -30 
Because  the  active  plumes  are  concentrated  in  areas  presently  in  permanent 
sunlight,  and  because  those  latitudes  are  nearing  summer  solstice  in  the 
southern  hemisphere,  insolation  as  an  energy  source  (or  a trigger)  for  this 
volcanism  is  an  attractive  hypothesis . 

I have  been  studying  the  efficacy  of  insolation-only  mechanisms  that 
involve  trapping  of  solar  radiation  below  a translucent,  low- conductivity 
surface  layer  (variations  on  the  solid-state  greenhouse  theme)  and  subse- 
quent release  of  that  energy  in  the  form  of  latent  heat  of  sublimation,  as 
plausible  candidates  for  driving  Triton's  plumes.  Preliminary  calculations 
show  that  either  a classical  solid-state  greenhouse  consisting  of  exponen- 
tially absorbed  insolation  in  a layer  of  frozen  nitrogen  contaminated  with 
small  amounts  of  dark  particulates,  or  a "super"  greenhouse  consisting  of  a 
relatively  pure  layer  of  solid  nitrogen  over  a dark  absorbing  layer  could 
provide  large  enough  temperature  differences  to  drive  Triton's  plumes. 

Mechanisms  involving  geothermal  heat,  either  in  combination  with  inso- 
lation or  as  the  sole  energy  source,  could  also  be  viable  under  certain 
conditions,  but  have  the  drawback  that  they  do  not  readily  explain  the 
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^a^tu<^na^-  distribution  of  Triton's  plumes  and  streaks.  This  difficulty 
can  be  mitigated  to  some  extent  if  geothermal  heat  is  thought  to  partici- 
pate in  a mechanism  that  is  triggered  by  the  added  energy  input  of  seasonal 
cycles  of  insolation. 
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CRYOVOLCANISM  ON  TRITON  J.S.  Kargel  and  R.G.  Strom,  Lunar  and  Planetary  Laboratory, 
University  of  Arizona,  Tucson,  AZ  85721 

Introduction.  The  Voyager  2 images  of  Triton  revealed  evidence  of  past  ciyovolcanic  activity,  some 
of  it  very  recent  in  relative  geological  terms  [1,2].  Observations  of  atmospheric  plumes  and  associated  dark 
streaks  vented  from  the  surface  allow  the  possibility  that  explosive  cryovolcanism  was  occurring  at  the  time 
of  the  encounter  (although  non-volcanic  explanations  are  also  plausible  [1]).  Here  we  discuss  some  of 
Triton’s  cryovolcanic  morphologies  and  a model  of  volatile-driven  explosive  ammonia-water  volcanism. 

Cryovolcanic  morphologies.  The  most  dramatic  cryovolcanic  features  on  Triton  are  the  vast 
smooth-floored,  closed  depressions  (Figure  1).  Clearly  some  type  of  cryogenic  *lava  has  been  extruded 
and  contained  by  the  lakes’  walls.  A complexly  pitted  region  occurs  near  the  center  of  the  lava  lake;  an 
associated  feature  may  be  a collapsed  lava  tube.  Similar  pitted  areas  occur  in  Triton  s other  lava  lakes. 
These  pits  could  be  indicative  of  late  cryoclastic  (explosive)  volcanism.  Low-relief  domes  are  scattered 
across  the  lakes’  floors.  The  morphologies  of  the  lava  lakes  and  of  adjacent  terrains  indicate  a multi-staged 
history  of  tectonic  collapse  and  cryovolcanic  flooding,  sometimes  with  overflow  onto  adjacent  regions. 

Figure  2 shows  a region  characterized  by  deep,  irregular,  rimless  volcanic  depressions,  with  adjoining 
smooth  areas.  A highly  viscous  substance  (or  one  with  a high  yield  strength)  produced  flow  front 
escarpments  several  hundred  meters  high  and  flowed  around  obstacles  of  comparable  height.  Two 
cryovolcanic  craters  in  the  region  have  associated  collapsed  lava  tube-like  features.  One  volcanic  crater  has 
a central  lava  dome,  another  indication  of  the  immobile  character  of  these  cryolavas.  Tectonic  alignment 
of  several  craters  suggests  a similarity  to  terrestrial  fissure  eruptions.  Triton’s  fissures  are  part  of  a global 
volcano-tectonic  grid.  Elsewhere,  this  grid  is  expressed  as  viscous  dike-like  intrusions  and  dike  swarms 
(FDS  11396.27),  broad  linear  volcanic  plateaus,  and  lobate  fissure  flows,  in  one  case  34  km  long  and  28 
km  wide  (FDS  11394.51). 

The  unique  "cantaloupe  terrain"  [1]  consists  of  linear  to  quasi-circular  ridges,  aligned  pits,  and  pitted 
ridges,  all  forming  a net-like  pattern  crossed  by  the  global  volcano-tectonic  grid.  Thick  flow-like  features 
appear  to  emanate  from  the  global  fracture  zone,  extending  for  over  200  km  and  inundating  parts  of  the 
cantaloupe  terrain.  Pitted  ridges  may  be  fissures  along  which  explosive  eruptions  have  occurred. 
Interspersed  through  this  and  other  terrains  are  shorter  dark  flow-like  features  with  little  or  no  observable 
vertical  relief.  These  units  include  the  darkest  material  on  Triton  [1],  suggesting  a radiation-darkened 
carbonaceous  composition  quite  distinct  from  the  other,  more  predominant  and  apparently  more  viscous 
flows.  Evidence  for  cryoclastic  deposits  include  a major  fracture  which  appears  to  be  subdued  by  mantling 
material  at  its  northeast  end  (FDS  11395.09),  and  other  smooth,  subdued  terrain  nearby. 

Cryolava  compositions.  The  high  apparent  viscosities  of  the  erupted  liquids  argues  against  liquid  N2, 
CH4,  or  CO,  or  mixtures  of  them,  as  the  dominant  chemical  constituent.  Pure  water,  even  with  suspended 
ice,  is  probably  also  much  too  fluid  to  generate  the  thick  lava  flows  and  domes  observed  on  Triton. 
Ammonia-water  liquids  containing  other  chemical  constituents  or  suspended  ice  might  have  the  required 
rheology  [3].  Croft  argues  persuasively  on  independent  grounds  that  Triton’s  cryolavas  are  fundamentally 
aqueous  [4].  The  similarities  of  the  flow  thicknesses  on  Triton,  Miranda,  and  Anel,  especially  after  gravity 
scaling,  suggests  similar  cryolava  compositions. 

Volatile-driven  explosive  cryovolcanism.  Volcanic  craters  and  plumes  on  Triton  may  indicate  that  many 
eruptions  were  explosive.  This  would  require  a minor  or  trace  volatile  component  such  as  CH4  or  N2 
acquired,  for  instance,  by  partial  melting  in  the  presence  of  methane  dathrate.  Unfortunately,  the  solubility 
of  these  gases  in  ammonia-water  mixtures  is  unknown;  however,  gas  solubility  data  exist  for  pure  water 
and  liquid  ammonia  solvents  [5-10].  The  solubilities  of  CH4  and  N2  in  ammonia-water  mixtures  should 
be  on  the  order  of  0.1-2.0%  by  mass  at  176  K and  500-1000  bars  (corresponding  to  likely  conditions  of 
partial  melting).  The  bubble  content  of  an  ascending  magma  increases  rapidly  as  it  nears  the  surface 
because  of  the  pressure  dependence  of  gas  solubilities.  The  magma  disintegrates  into  an  accelerating 
gas-driven  spray  of  cryoclastic  particles  if  the  bubble  content  exceeds  about  75%  by  volume  [11]. 

To  illustrate  the  potential  for  explosive  cryovolcanism  on  Triton,  consider  a simple  model.  Equate  the 
hydrostatic  pressure,  Pcxt>  to  the  lithostatic  pressure,  q^h,  where  is  the  crustal  density  (0.95  g cm-3), 
g is  the  gravitational  acceleration  (78  cm  s'*),  and  h is  the  depth.  This  simplifying  assumption  implies  a 
specific  shape  to  the  conduit  [13],  but  the  general  qualitative  outcome  of  the  model  should  not  be  lost  for 
its  specificity.  The  internal  gas  pressure  in  a bubble,  Pfnt,  has  two  components,  Pext  and  Pc,  where  the 
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latter  is  due  to  surface  tension.  An  expression  may  be  derived  giving  the  volume  fraction,  u,  of  gas  in  the 
foaming  liquid: 

u = [(XRT)/M(qcgh+2c/r)]/{[(XRT3/M(qcgh+2c/r)]  + l/qi>, 

where  X is  the  mass  fraction  of  the  volatile  component,  R is  the  gas  constant,  T - 176K,  M is  the  volatile’s 
molecular  mass  (16  for  CH^),  is  the  density  of  the  liquid  in  the  absence  of  suspended  bubbles  (about 
0.95  g cm’3),  c is  the  surface  tension  of  the  liquid  at  176  K = 72  dynes  cm’1  [13],  and  r is  the  radius 
of  the  bubbles  (we  assume  two  values,  0.01  and  1 cm).  Figure  3 shows  that  the  critical  75%  volume 
fraction  of  bubbles  required  for  magmatic  disintegration  is  achieved  at  a depth  of  about  40  meters  for  0.1% 
CH^  and  800  meters  for  2%  CH4,  almost  independent  of  bubble  size  (surface  tension  turns  out  to  be 
unimportant  for  satellites  as  large  as  Triton). 

The  salient  point  of  Figure  3 is  that  explosive  eruptions  of  ammonia-water  magmas  may  produce 
craters  some  hundreds  of  meters  deep  and  may  vent  ash  clouds  into  the  atmosphere  of  Triton  if  the 
magmas  contain  approximately  1%  volatiles.  Alternatively,  phreato-magmatic  interactions  of  ammonia-water 
liquids  with  surficial  methane  or  nitrogen  ice  [14]  may  produce  explosive  cryovolcanic  landforms. 
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Figure  1.  Cryogenic  "lava"  lake  on 
Triton  (above,  left). 

Figure  2.  Volcano- tectonic  fissures, 
explosive  vents,  flow  fronts,  and  flow- 
mantled  terrains  on  Triton  (above). 

Figure  3.  Volatile  exsolution  model  for 
0.1X  and  1.0%  CH*  in  ammonia -water  magma 
ascending  in  Triton  (left). 
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Triton:  Geology  and  Geologic  History 

S.K.  Croft,  Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ,  85721. 

Triton  was  revealed  by  Voyager  2 to  have  one  of  the  most  complex  assemblages  of  surface 
features  found  on  the  Icy  satellites  (1).  An  equally  complex  geologic  history  is  implied.  A preliminary 
geologic  map  (from  which  the  simplified  map  in  1 is  taken)  and  history  are  presented  here. 

Geologic  Units.  Figure  1 is  a geologic  sketch  map  based  on  the  orthographic  photomosaic  in 
1.  Marty  of  the  units  are  gradational  into  each  other,  so  some  of  the  boundary  oirtes  are  approximate. 
The  'cantaloupe ' terrain  is  divided  into  two  subunits:  1)  ridged  plains  (Cr)  characterized  by  linear  ridge 
segments  with  rugged,  often  pitted,  crests  separated  by  smooth  topographic  lows,  and  2)  the  dimpled 
plaiqs  (Cd),  which  also  contain  numerous  sub-circular  dimple-like  depressions.  The  origin  of  the  dimples 
is  unknown,  suggestions  include  circular  volcanic  constructs  and  old  mantled  impact  craters.  Three 
subunits  of  smooth  plains  are  mapped:  1)  smooth  valley  plains  (Sv)  occur  on  the  floors  of  four  terraced 
depressions,  or  Takes'.  The  plains  are  very  smooth  and  embays  all  irregularities  of  the  lakes’  rims.  A 
cluster  of  irregular  pits  (generally  with  a largest  central  pit)  is  found  on  each  deposit.  2)  The  laminated 
smooth  materials  (SI)  occur  in  a zone  around  the  equatorial  lakes  and  consist  of  irregular  flat  areas  at 
different  elevations  separated  by  scarps  a few  hundred  meters  high.  Some  of  the  scarps  may  be 
tectonic.  3)  The  high  smooth  plains  (Sh)  are  flat  to  undulating  smooth  materials  around  several  large 
quasi-circular  depressions  and  strings  of  irregular  rimmed  and  rimless  pits  reminiscent  of  terrestrial 
cinder  cones  along  erupting  fissures.  The  unit  superposes  everything  else  (except  small  impact  craters) 
and  appears  to  stand  somewhat  above  the  surrounding  terrains.  The  patchy  smooth  (Ps)  unit  consists 
of  rugged  and  pitted  ridges  surrounding  patches  of  smooth  material  in  topographic  lows.  The  unit 
appears  transitional  between  the  smooth  plains  and  the  cantaloupe  terrain,  which  it  borders.  The 
knobby  materials  (Tk)  occur  in  large  patches  within  and  around  the  high  smooth  plains  and  consist  of 
groups  of  roughly  equidimensional  knobs  3-5  km  across  located  on  the  floors  of  irregular  depressions. 
The  mottled  hummocky  (Th)  materials  occur  in  a band  south  of  the  high  smooth  plains  and  appear  to 
emerge  from  underneath  the  smooth  materials.  The  'hummocks*  include  domes  and  smooth  ridges 
typically  10  km  across,  and  a few  lobate  structures  associated  with  the  raised  ridge.  The  mottling  is 
most  apparent  near  the  boundary  with  the  polar  units.  The  dark  smooth  material  (Sd)  is  gradational 
with  the  darker  material  of  the  mottled  hummocky  materials,  which  it  borders.  The  linear  ridge  materials 
(Rl)  occur  in  strips  of  single  or  multiple  ridges  20-25  km  wide,  a few  hundred  meters  high,  and  up  to 
1000  km  long.  The  ridge  materials  are  smooth  and  may  have  lobate  edges.  The  bright  spotted  terrain 
(Bs)  is  a polar  unit  characterized  by  a matrix  of  very  high  albedo  materials  within  which  darker  spots 
shaped  like  water  droplets  on  oil  occur.  The  dark  spots  stand  high,  and  are  quite  rigid:  impact  craters 
are  preserved  in  them.  The  bright  materials  have  variable  thicknesses:  the  coating  on  the  spots  is  thin 
enough  (a  few  meters)  to  allow  the  darker  albedo  to  show  through,  whereas  in  the  lows  between  the 
spots,  the  materials  are  thick  enough  (tens  to  a hundred  meters)  to  bury  piece-wise  a 5 km  wide  ridged 
trough  that  passes  from  the  smooth  dark  terrain  into  the  polar  deposits.  The  bright  rough  terrain  (Br) 
is  also  a matrix  of  bright  material  with  imbedded  dark  rugged  ridges.  The  unit  appears  to  be  ridged 
cantaloupe  terrain  with  bright  polar  material  filling  the  topographic  lows.  The  bright  streaked  terrain  (Bst) 
is  relatively  featureless  except  for  the  oriented  dark  streaks.  The  features  of  the  spotted  and  rough 
bright  units  disappear  gradually  into  the  streaked  unit,  suggesting  burial  with  increasing  southern 
latitude  by  an  ever  thickening  layer  of  polar  materials.  Dark  lobate  materials  (Ld)  are  very  dark  (albedo 
0.2)  deposits  occurring  in  small  patches  typically  a few  kilometers  wide  and  up  to  10  km  long.  The 
patches  occur  in  a broadly  elongate  field  about  800  by  1000  km  near  the  center  of  the  map.  The 
deposits  superpose  everything  except  the  bright  deposits,  so  they  are  geologically  late. 

The  bright  materials  are  interpreted  to  be  seasonal  (1).  The  various  smooth,  knobby,  linear 
ridge,  and  dark  lobate  deposits  are  interpreted  as  cryovolcanic  (1,2).  The  origin  of  the  cantaloupe 
terrain  is  uncertain,  particularly  the  dimples.  Proposals  include  heavily  modified  impact  craters  and 
some  form  of  cryovolcanism. 

Geological  History.  Crater-count  statistics  are  poor  on  Triton  (3),  thus  geochronologies  must 
rely  primarily  on  superposition  relationships.  The  presumed  earliest  stage  of  Triton’s  history,  the  era  of 
heavy  cratering,  has  largely  been  erased.  The  oldest  recognized  surface  on  Triton  is  the  cantaloupe 
terrain.  The  ridged  and  dimpled  units  grade  into  each  other,  so  their  relative  ages  are  uncertain.  The 
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dimples  exhibit  a range  of  preservation  states,  so  they  are  among  the  last  features  to  form  on  the 
formed  on  the  unit  The  cantaloupe  terrain  is  superposed  by  all  adjacent  units,  but  its  original  extent 
is  poorly  constrained.  If  the  bright  rugged  terrain  is  merely  blanketed  cantaloupe  terrain,  then  the  unit 
may  have  originally  covered  much  of  Triton’s  surface.  The  linear  ridges  are  generally  superposed  on 
the  cantaloupe  terrain,  though  at  least  one  dimple  overlaps  a ridge.  The  mottled  hummocky  terrain 
overlies  the  cantaloupe  terrain  at  their  single  contact  near  the  *Y*  ridge,  and  buries  the  ridge  itself  to 
the  east.  The  smooth  dark  terrain  appears  to  overlie  the  hummocky  terrain,  though  the  contact  is 
gradational.  The  association  of  the  smooth  unit  with  the  ridge  suggests  a genetic  relation.  The  relation 
between  the  hummocky  materials  and  the  patchy-smooth  unit  is  indicated  by  a graben  which  crosses 
the  former  units  but  disappears  in  the  patchy  smooth  materials.  The  smooth  units  to  the  north 
superpose  the  hummocky  materials  and  at  least  some  of  the  patchy  smooth  materials.  The  highland 
unit  is  the  oldest  of  the  smooth  units,  based  on  crater  counts  (the  only  relation  so  established).  It  is 
associated  with  the  strings  of  rimless  and  rimmed  irregular  pits  and  represents  a major  phase  of 
volcanic  activity.  The  laminated  terrain  units  are  contiguous  with  and  in  part  younger  than  the  highland 
unit.  The  youngest  of  all  is  the  valley  smooth  units  on  the  floors  of  the  'lakes*.  The  knobby  materials, 
which  appear  as  collapsed  sections  of  the  smooth  units  formed  sometime  during  the  deposition  of  the 
smooth  terrains.  The  dark  spot  materials  also  formed  fairly  late  in  this  era  The  bright  polar  units  are 
the  last  form.  The  bright  material  of  all  polar  units  and  the  equatorial  bar  (not  mapped)  appears  to 
mantle  pre-existing  units  by  varying  thicknesses  roughly  correlated  with  the  distance  from  the  pole.  The 
dark  streaks,  which  lie  on  the  bright  materials.  Unfortunately,  an  absolute  age  cannot  be  established. 
They  may  have  been  active  In  recent  times.  They  may  also  be  related  to  the  extrusion  of  the  indefinitely 
late  dark  lobate  deposits  to  the  north.  The  equatorial  bar  of  bright  material  appears  to  overlie 
everything,  and  is  thus  the  most  recent  feature. 

References.  1.  Smith,  B.A.  and  the  Voyager  Imaging  Team  (1989)  Science.246: 1 422- 1449.  2.  Croft,  this 
volume.  3.  Strom,  R.A.,  S.K.  Croft  and  J.  Boyce,  this  volume. 
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Fire  and  Ice  on  Triton:  Models  for  Cryovolcanlas  and  61ac1ology 
Steven  K.  Croft,  Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson  AZ,  85721. 

The  majority  of  features  on  Triton's  surface  can  be  Interpreted  as  cryovolcanlc  In  origin  based  on 
morphology  and  distribution  (1,2).  Several  Important  facets  of  the  physical  and  chemical  nature  of  the 
extrusive  activity  can  be  addressed  on  the  basis  of  the  morphology,  remote  chemical  sensing,  comparisons 
with  terrestrial  volcanologlcal  phenomena,  and  estimates  of  bulk  composition. 

Bulk  Composition  and  Interior  Structure.  The  density  of  Triton  is  2.07  g/cnr,  near  that  nominally 
predicted  for  objects  formed  In  the  solar  nebula,  as  contrasted  with  objects  formed  in  local  planetary 
nebulae’whlch  would  have  densities  near  1.3,  like  the  smaller  saturnlan  satellites.  Solar  nebular  objects 
consist  primarily  of  water  Ice  and  (presumably)  carbonaceous  chondrltlc  rock,  but  are  somewhat  poorer  In 
HjO  ice  than  planetary  nebular  objects  because  carbon  Is  primarily  In  the  form  of  CO  (and  nitrogen  Is  In  the 
form  of  N2)  -*bl0rb*“  a oxygen  that  would  otherwise  form  H20.  In  planetary  nebular  objects, 

carbon  Is  primarily  In  the  form  of  CH4  and  nitrogen  Is  In  ammonia.  Triton  Is  not  a purely  a solar  or 
planetary  object  since  both  nitrogen,  associated  with  solar  nebular  materials,  and  methane,  usually 
associated  with  planetary  nebular  materials,  have  been  detected  in  Triton's  atmosphere.  Neither  anmonia  nor 
CO  have  been  directly  detected,  but  the  presence  of  their  respective  nebular  counterparts,  methane  and  N2, 

In  the  atmosphere  suggests  both  may  be  present  (there  Is  Indirect  evidence  for  ammonia,  see  below).  The 
high  density  of  Triton  precludes  significant  incorporation  of  the  pure  Ices  of  CO,  N2,  or  CH4  Ices  (which 
would  yield  a density  near  1.2),  but  all  of  these  Ices  could  have  been  Incorporated  in  minor  amounts  In 
Triton  during  accretion  as  trapped  molecules  In  a dominant  water-ice  clathrate  or  as  anmonia  hydrate. 

H30  has  not  been  detected  on  Triton's  surface.  However,  surface  topography  Implies  the  presence  of 
water  Ice.  Observed  vertical  topography  of  cliffs,  ridges,  knobs,  and  depressions  In  all  of  Triton's 
surface  units  except  the  polar  and  smooth  "lake’’  materials  is  typically  hundreds  of  meters  up  to  near  800 
meters.  Impact  craters  are  preserved  In  the  smooth  materials,  ranging  In  depths  from  hundreds  of  meters  to 
near  1.5  km.  Based  on  the  measured  rheological  properties,  such  topography  could  only  be  preserved  for  a 
few  years  if  the  crust  and  smooth  materials  were  composed  primarily  of  solid  methane,  even  at  Triton's 
frigid  temperatures.  Only  bumps  and  ledges  a few  meters  high  could  be  preserved  for  millions  or  billions  of 
years  If  methane  were  the  primary  crustal  material.  Measurements  of  the  viscosity  of  pure  solid  arrmonia 
indicate  ammonia  to  be  even  "softer"  than  methane  at  Triton  surface  conditions,  In  spite  of  ammonia  s 
significantly  higher  melting  point.  The  rheology  of  solid  N2  and  CO  have  not  been  measured,  but  estimates 
of  their  creep  properties  based  on  Isomechanical  scaling  (3)  with  other  molecular  Ices  (H2,  neon,  argon, 
krypton,  CH4,  NH3,  C02,  and  H20)  indicates  that  they  should  be  two  to  three  orders  of  magnitude  softer  than 
methane  under  similar  conditions.  Of  the  likely  crustal  ices,  only  water  Ice  or  water-dominated  ammonia- 
water  Ice  can  preserve  the  observed  topography,  thus  H20  must  be  the  primary  component  of  both  the  crustal 
materials  and  the  smooth  "lake"  deposits. 

The  extensive  resurfacing  on  Triton  Implies  that  its  interior  Is  largely  differentiated.  The 
resurfacing  by  water  ice  Implies  that  ice  did  not  dominate  Triton's  interior  convective  heat  transport, 
allowing  temperatures  to  rise  sufficiently  to  melt  and  drive  out  Interstitial  ices.  Once  begun, 
differentiation  would  tend  to  fall  Into  a positive  feedback  loop:  removing  Ice  from  the  core  would  raise  the 
effective  viscosity,  which  would  force  the  temperature  up,  which  would  tend  to  remove  more  ice,  etc., 
driving  the  differentiation  to  near  completion.  This  must  be  tested  by  further  modeling,  however.  If 
differentiated,  Triton’s  Interior  consists  of  two  layers:  a primarily  H20  ice  mantle  about  350  km  thick  over 
a rocky  core  about  1000  km  In  radius.  (There  is  probably  a thin  layer  of  mixed  rock-ice  at  the  boundary.) 
This  assumes  a 'rock  density  of  3.6  g/cm r and  an  Ice  density  of  0.92  g/cm5;  various  assumptions  about  the 
hydration  state  of  the  rock  do  not  greatly  affect  this  result.  The  pressure  at  the  bottom  of  the  ice  layer 
Is  about  1 kb,  thus  no  ice  II  or  higher  density  phases  were  present  In  this  model  when  the  ice  mantle 
formed,  though  a thin  layer  of  ice  II  may  have  formed  later  as  the  satellite  cooled  off.  The  computed 
thickness  of  any  ice  II  layer  is  strongly  dependent  on  the  adopted  phase  boundary  between  ice  Ih  and  ice  II, 
which  is  poorly  known  at  temperatures  relevant  to  Triton's  upper  crust.  The  central  pressure  for  this  model 
is  about  19  kb  and  the  corresponding  mass  fraction  of  rock  Is  about  0.72.  The  heat  driving  the 
differentiation  may  be  due  to  radioactive  heating  or  a Goldreich-type  tidal  heating  event (4).  In  either 
case,  differentiation  would  have  begun  near  the  center,  first  driving  out  any  pure  deposits  of  the  light 
Ices  CO,  N2,  or  CH4,  then  any  ammonia  in  an  ammonia-water  melt,  then  the  rest  of  the  light  ices  and  water 
Ice  as  the  clathrate  melted.  The  sequence  of  melting  would  have  repeated  as  melting  progressed  outward. 

The  materials  comprising  the  observed  cryovolcanism  probably  came  from  the  outermost  (and  last)  layer  of 
mixed  Ices  and  rock  to  melt,  after  the  bulk  of  the  ice  crust  had  formed.  Thus  the  observed  cryovolcanism 
may  have  involved  all  of  molecular  Ices.  Interestingly,  the  rock  core  Itself  Is  large  enough  to  have 
undergone  some  melting  of  interior  rocks,  possibly  leading  to  localized  rock  volcanism  at  the  ice/rock 
Interface.  Since  the  ice  crust  is  relatively  thin,  the  surface  may  be  affected  by  such  an  episode. 
Speculatively,  the  large  "lakes”  may  represent  local  remelting  of  the  ice  crust  over  a rock  volcanism  zone. 

Minor  Compositions  of  the  Cryomaqmas,  The  morphologies  of  some  of  the  cryovolcanic  deposits  provide 
Indirect  Indicators  of  composition.  There  is  a range  of  viscosities  represented  by  the  cryovolcanic 
deposits.  The  smooth  material  of  the  "lakes"  Is  very  flat  (except  for  a few  clusters  of  depressions  that 
may  be  due  to  subsurface  drainage)  and  embays  all  bordering  Irregularities  without  visible  topographic 
"lips”  to  the  limit  of  resolution.  Thus  this  material  had  low  viscosities  at  the  time  of  emplacement. 
Conversely,  the  high-standing  linear  ridges  and  light  lobate  deposits  In  the  patchy-smooth  and  hummocky 
materials  appear  to  be  extruded  materials  hundreds  of  meters  thick.  Indicating  high  viscosities  at  the  time 
of  emplacement.  Direct  estimates  of  the  internal  viscosities  of  the  thick  flows  cannot  be  made,  but  the 
thicknesses  of  the  edges  of  the  flows  imply  yield  strengths  at  the  time  of  flow  stagnation  of  the  order  of  a 
few  tenths  of  a bar,  in  the  middle  of  the  observed  range  of  yield  strengths  for  terrestrial  lava  flows.  For 
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terrestrial  mannas,  Internal  viscosities  correlate  roughly  with  yield  stresses  (the  physical  relationship  Is 
not  well  understood).  Since  the  mechanics  and  yield  stresses  of  the  flows  on  Triton  (though  certainly  not 
the  compositions)  are  apparently  similar  to  those  of  terrestrial  flows,  the  viscosities  of  the  flows  on 
Triton  are  probably  also  similar,  of  order  10*  poise.  The  viscosities  of  pure  molecular  liquids  (l.e.,  pure 
methane,  water,  etc.)  are  very  low  (order  10"2  poise).  Viscosities  high  enough  to  generate  very  thick 
deposits  have  been  found  only  In  partially  congealed  mixtures  of  substances:  to  date  only  aninonla-water  and 

mixtures  of  aimwn la- water  with  small  amounts  of  other  substances  have  been  confirmed  to  generate  viscosities 
sufficiently  high(5).  Thus  the  ridges  and  lobate  deposits  may  Indicate  the  presence  of  small  amounts  of 
ammonia  mixed  In  the  melts.  Crater  statistics  and  superposition  indicate  that  the  smooth  "lake**  materials 
are  generally  younger  than  the  ridges  and  lobate  deposits.  Thus  the  more  viscous  materials  may  represent 
early  melts  containing  ammonia,  while  the  late  "lakes"  materials  may  be  water-rich  melts  that  were  generated 
after  the  ammonia  was  exhausted  In  the  melt -gene rating  regions.  The  composition  of  the  "spots"  and  the 
lobate  dark  deposits  are  unknown.  Their  morphologies  are  different  from  the  other  cryovolcanlc  materials, 
suggesting  a distinct  composition.  The  melts  are  stratigraphlcally  late,  suggesting  that  they  are  late, 
high  temperature  (200  - 300  K?)  melts.  One  possibility  for  the  composition  of  these  deposits  are  the 
paraffin-like  compounds  found  in  small  amounts  in  carbonaceous  materials.  Such  compounds  have  appropriate 
melting  points,  densities  low  enough  to  rise  through  an  Ice  crust,  viscosities  high  enough  to  make  the 
lobate  forms,  and  carbon  capable jof  darkening  with  time  to  the  observed  albedos. 

Nature  of  the  "Volatiles".  Several  morphologic  forms  Indicate  cryoclastlc  and  possibly  explosive 
cryovolcanism  (2),  which  implies  the  presence  of  materials  much  more  volatile  than  H20.  The  primary 
candidates  are  CH4,  CO,  and  N2.  At  eruption  temperatures  characteristic  of  water-rich  cryomagmas  (270  K), 
these  gases  dissolve  at  levels  similar  to  H20  in  terrestrial  magmas.  Solubility  increases  with  increasing 
pressure,  reaching  concentrations  of  several  weight  X at  one  ki lobar,  the  approximate  pressure  at  the 
presumed  last  melt  zone  at  the  rock/ice  interface.  Exsolution  of  the  gases  at  these  concentrations  upon 
nearing  the  surface  will  generate  particulate  ejection  velocities  of  300  to  500  m/s,  just  in  the  range 
needed  to  produce  cryroclastlc  ejecta  blankets  In  the  observed  diameter  range  of  a few  hundred  kilometers. 
The  liquids  of  CH4,  CO,  and  N2  are  all^  buoyant  In  an  H20  crust  and  will  exist  as  liquids  at  depths  of  a few 
to  a few  tens  of  kilometers  In  Triton's  crust  for  likely  thermal  gradients.  The  vapor  pressures  of  N2  and 
CO  at  270  K are  5-10  kb  (comparable  to  steam  in  terrestrial  magmas),  sufficient  to  blast  off  lids  of  ice 
several  kilometers  thick.  Thus  liquid  water  penetrating  pods  of  liquid  N2,  CH4,  or  CO  at  depth  would  be 
capable  of  maar-llke  explosions,  possibly  producing  features  like  the  dimples  of  the  cantaloupe  terrain. 

Vent  Shape.  One  of  the  surprises  on  Triton  was  the  presence  of  circular  cryovolcanic  vents  similar 
to  terrestrial  vents  in  addition  to  the  linear  vents  characteristic  of  cryovolcanism  on  the  other  icy 
satellites.  Mechanism  changing  the  initial  linear  vents  on  earth  to  circular  vents  Include:  a)  thermal 
stress  driving  wall  failure,  b)  volatiles  in  the  wall  rocks  driving  wall  failure  by  vaporization,  and  c) 
thermal  melting  and  erosion  of  the  walls.  These  mechanisms  have  not  yet  been  thoroughly  evaluated  for 
cryovolcanism  In  an  ice  crust.  Thermal  stresses  are  apparently  not  important  since  similar  temperature 
rises  would  occur  during  cryovolcanlc  intrusion  on  all  the  icy  satellites,  whereas  circular  vents  are  not 
common.  Volatile  expansion  may  be  the  case  on  Triton,  but  this  implies  no  "volatiles"  on  the  other  icy 
satellites.  Thermal  erosion  may  work  If  Triton's  cryomagmas  are  water-rich  while  those  on  the  other  icy 
satellites  are  not,  Work  on  this  problem  Is  In  progress. 

"Glaciers"?.  The  rheological  differences  between  water  Ice  and  other  molecular  Ices  indicate  that 
the  roll  water  ice  plays  in  Triton’s  geology  Is  similar  to  the  roll  of  rock  on  Earth,  while  the  roll  of 
methane  and  nitrogen  ices  is  similar  to  the  roll  of  temperate  water  Ice;  In  other  words,  layers  of  methane 
and  nitrogen  ices  more  than  a few  meters  thick  on  Triton  would  flow  downhill  In  a glacler-llke  fashion  and 
collect  In  low  spots.  No  "glaciers"  or  glacial  features  have  been  seen  on  Triton.  However,  the  stresses  at 
the  bases  of  layers  of  methane  and  nitrogen  snow  thick  enough  to  flow  are  very  small  (of  order  10o  bars), 
hence  little  mechanical  erosion  of  the  kind  associated  with  terrestrial  glaciers  is  expected.  Also, 
fissures  and  surface  deformations  associated  with  the  very  thin  elastic  layers  (of  order  a few  meters)  would 
be  small,  probably  below  the  resolution  available  for  Triton,  thus  "glacial"  deposits  on  Triton  would  be 
difficult  to  recognize.  However,  many  surfaces  on  Triton  are  characterized  by  isolated  rugged  ridges 
separated  by  smooth-floored  valleys.  The  bright  material  of  the  polar  caps,  which  are  probably  "snows"  of 
methane  and  nitrogen,  preferentially  occupy  low  spots  near  the  edge  of  the  polar  cap.  Such  low-lying  smooth 
materials  may  represent  methane  and  nitrogen  ices  that  have  flowed  "glacially"  onto  the  topographic 
lowlands,  obscuring  any  pre-existing  roughness. 

References.  1.  Smith  B.A.  et  el . (1989)  Science  246:  1422-1449.  2)  Croft.  S.K.  Physical  volcanism  on  Triton. 
This  volume.  3)  Frost,  H.J.  & M.F.  Ashby  (1982)  Deformation -mechanism  Maps:  the  plasticity  and  creep  of 
metals  and  ceramics.  4)  Goldreich  P.  et  al . (1989)  Science  245:500-504.  5)  Kargel  J.  et  al . . In  preparation. 


62 


Physical  Cryovolcanlsm  on  Triton 

Steven  K.  Croft,  Lunar  & Planetary  Laboratory,  University  of  Arizona.  Tucson,  A Z 85721. 

Triton  has  a bewildering  variety  of  surface  features  and  resurfaced  areas  that  are  cryovolcanlc  In 
origin.  Cryovolcanlsm  Is  differentiated  from  ordinary  volcanlsm  in  that  the  fluid  materials  are  molecular 
ices  such  as  water,  ammonia,  methane,  etc.,  rather  than  silicate  rocks.  Probably  most  of  the  basic 
physical  processes  are  the  same  In  cryovolcanlsm  and  volcanlsm,  but  there  may  be  some  differences 
due  to  differences  in  the  material  properties  of  the  "working  fluids".  Comparison  of  volcanologlcal 
landforms  on  the  Icy  satellites  and  the  terrestrial  planets  should  give  dues  to  the  similarities  and 
differences  between  cryo-  and  terrestrial-volcanic  processes.  Many  of  the  features  on  Triton  are 
remarkably  similar  to  terrestrial  volcanic  forms  (1),  implying  similar  processes,  whereas  some  of  the 
extrusive  forms  have  no  known  terrestrial  counterparts.  This  abstract  describes  the  variety  of 
morphologic  forms  and  possible  mechanisms;  another  abstract  (2)  describes  models  and  materials.  The 
features  discussed  are  located  by  an  Identifying  number  In  the  geologic  sketch  map  in  (3). 

Linear  Rldaes  and  Troughs:  These  features  form  an  open,  somewhat  rectilinear,  network  over 
nearly  the  entire  imaged  face  of  Triton.  Individual  ridges  range  from  several  hundred  to  at  least  2000  km 
long.  The  widths  vary  from  about  10  to  about  30  km,  and  the  heights  up  to  a few  hundred  meters.  The 
structures  range  from  parallel  paired  ridges  (near  #1  in  ref.  3)  to  triple  and  multiple  ridges  (#2),  to 
single,  broad  ridges  (#3).  The  ridges  have  been  Interpreted  as  leveed  flows  or  dikes  in  various  stages  of 
extrusion  of  viscous  (»10®  poise)  materials.  The  preferred  interpretation  here  Is  that  of  dike  extrusion. 
However,  the  dikes  are  too  long  to  be  surface  piercements  of  fluid-filled  penny-shaped  elastic  cracks,  so 
they  are  interpreted  to  be  laterally  propagating  dikes  similar  to  the  Abltibi  dike  In  Canada  or  the  Great 
Dike  In  Africa.  At  least  one  recognizable  lobate  flow  (#4)  connects  directly  back  to  one  of  the  broad 
ridges.  Numerous  small  hummocks  and  lobate  ridges  morphologically  similar  to  the  lobate  flow  fill  the 
adjacent  area  to  the  south,  suggesting  an  extended  area  of  deposition  from  the  ridge. 

Cantaloupe  Dimples  and  Pits:  The  dimples  In  unit  Cd  (around  #5)  form  a field  about  1000  km 
across  of  similar-dimension  structures  typically  20-40  km  In  diameter.  Individual  dimples  are  typically 
fairly  shallow,  quasi-circular  depressions  with  raised  rims.  The  dimples  show  a variety  of  morphologies: 
floors  are  rough,  smooth,  pitted,  or  contain  small  mounds;  the  depressions  are  single,  double  concentric, 
and  overlapping;  the  rims  are  simple  concentric  ridges  and  rugged,  irregular  peaks.  The  area  has  been 
interpreted  as  a heavily  modified  portion  of  heavily  cratered  terrain  or  as  a collection  of  some  type  of 
cryovolcanic  craters.  I suggest  that  the  craters  are  maar-like  explosion  craters  grouped  in  a typical 
volcanic  field  similar  to  the  Pinacate  or  Hopi  Butte  volcanic  fields  on  Earth.  Terrestrial  maars  show  the 
variety  of  morphologies  seen  in  the  dimples.  At  least  one  dimple  (#6)  Is  doubled,  with  the  outer  ring 
being  cut  by  a linear  ridge  and  the  inner  ring  cutting  the  ridge,  Indicating  at  least  two  distinct  periods  of 
activity  In  the  same  location,  a situation  most  easily  explained  by  endogenic  activity.  The  normalized 
size  distribution  and  field-diameter/crater-diameter  ratio  Is  similar  to  that  of  terrestrial  maars,  and, 
Interestingly,  the  mean  diameter  of  the  dimples  is  25  - 35  times  the  mean  diameter  of  maars  on  the 
Earth,  whereas  the  ratio  of  surface  density  times  surface  gravity  on  Earth  to  Triton  is  about  30-35, 
implying  similar  pressures  for  explosive  formation.  Superposition  relations  between  the  dimples  and  the 
linear  ridges  indicate  that  there  was  partial  contemporaneity  between  the  two  sets  of  features.  The 
temporal  mix  of  non-explosive  features  (the  ridges)  and  explosive  ones  (the  dimples)  is  similar  to  the  mix 
in  the  terrestrial  volcanic  fields,  Implying  time-variability  In  the  explosive  fluids  at  depth.  The  numerous 
smaller  pits  and  craters  (nominally  5-10  km  across)  in  the  cantaloupe  terrain  tend  to  occur  In  chains  and 
along  the  rugged  ridges.  These  features  may  represent  smaller  cryovolcanlc  structures  such  as 
degraded  (cryo-)cinder  cones,  collapse  pits,  pseudocraters,  or  smaller  explosion  pits  (*).  At  the  eastern 
boundary  of  the  cantaloupe  terrain,  an  increasing  portion  of  the  low  spots  In  the  terrain  appears  flooded 
with  a variety  of  smoother  deposits  that  grade  Into  the  smooth  deposits  around  the  larger  caldera  (see 
below).  Some  of  these  features  (e  g., #7)  appear  as  bulbous  deposits  with  rounded  edges  a few 
hundred  meters  high  that  are  distinct  in  texture  from  the  other  floor  deposits.  These  may  be  local 
extrusions  from  vents  in  the  craters  in  which  the  deposits  lie.  Their  exact  origin  Is  unknown:  #7  has  a 
distinct  lobate  edge  and  lip  at  the  eastern  end  and  a pit  (the  source  vent?)  in  the  middle  of  the  main 
lobe.  The  material  may  be  very  viscous  flows  from  the  pit,  but  there  is  no  obvious  lip  on  the  boundaries 
of  the  deposit  on  the  western  end  where  it  extends  Into  an  Irregular  crater  with  a rugged  rim.  Thus  the 
source  may  be  in  the  crater  and  the  pit  may  be  some  type  of  explosion  crater  due  to  overriding  a 
deposit  of  a volatile  (solid  N2?).  Alternatively,  the  deposit  may  be  a (cryo-)volcanic  dome,  or  a 
succession  of  thinner  ground-hugging  flows  like  a cryo-"nuees  ardentes". 

"Lake  Caldera".  There  are  four  quasi-circular  structures  with  smooth  floors  bounded  with  Inward 
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feeing  scarps  (#8,9,10,11).  The  smooth  materials  embay  aN  irregularities  and  have  no  visible  lips.  Thus 
these  materials  were  extruded  at  low  viscosity,  in  contrast  to  the  higher  viscosities  of  the  linear  ridge 
material.  Feature  #9  has  one  well  defined  terrace  at  the  eastern  end  indicative  of  at  least  two  episodes 
of  collapse.  The  overall  structure  bears  considerable  similarity  to  large  caldera  such  as  KRauea  and 
Olympus  Mons.  The  circular  portions  of  these  features  are  alt  150  • 200  km  In  diameter,  comparable  to 
the  thickness  of  the  underlying  ice  crust  Features  #8-10  have  small  fields  of  rimless  pits  surrounding  a 
largest  pit  about  20  km  in  diameter.  It  Is  suggested  that  these  represent  collapse  depressions  near  the 
main  source  vent  for  each  smooth  floor  deposit  caused  by  drainback  at  the  end  of  the  eruption  after  the 
surface  of  the  smooth  deposit  had  solidified.  Feature  #1 1 has  three  equkfimensional  pit  aligned  along 
the  old  trend  of  the  nearby  linear  ridge.  The  smooth  deposit  Is  not  entirely  contained  by  an  inward- 
feeing  scarp,  and  extends  without  sharp  boundaries  into  the  hummocky  terrain.  The  structure  may  be 
transitional  between  the  lake " caldera  and  the  "collapse"  caldera  (see  below).  Smooth  material  like  the 
smooth  floors  of  the  lakes"  also  occurs  in  a long  fissure  or  graben  (#12),  Indicating  a possible  fissure 
eruption  of  the  low  viscosity  material. 

"Collapse'  Caldera.  Another  class  of  structures  similar  to  terrestrial  volcanic  structures  are 
features  13,14,15,  and  associated  Irregular  pits  and  chains  of  pits.  These  features  are  quasi-circular 
depressions  with  smaller  pits  and  depression  within.  They  are  surrounded  by  quasi-circular  deposits  of 
smooth  materials  that  extend  out  100  to  200  km  from  the  main  depressions.  The  entire  ensemble  is 
strongly  reminiscent  of  collapse  caldera  and  chains  of  eruption  and  collapse  pits  seen  in  linear  volcanic 
zones  on  the  Earth  such  as  the  Laki  Fissure  area  in  Iceland.  The  trends  of  the  pit  chains  on  Triton,  like 
those  on  Earth,  are  along  extensions  of  visible  surface  fractures,  suggesting  linear  tectonic  failure  zones 
as  ready  vents  for  the  cryomagmas.  Indeed,  there  is  a strong  correlation  between  the  location  of  most 
cryovolcanlc  structures  and  tectonic  failure  features  on  Triton.  These  smooth  highland  deposits  are  at 
least  partially  cryodastlc  In  nature:  a)  the  edges  feather  out  irregularly  Into  the  surrounding  terrains,  and 
b)  topography  near  the  edges  of  the  deposits  are  "softened",  the  best  example  being  feature  #12  which 
has  sharp,  rugged  topography  at  the  western  end  that  becomes  progressively  rounded  and  less  distinct 
as  It  continues  into  the  smooth  deposit.  Feathered  edges  and  terrain  softening  are  characteristic  of 
lofted  deposits  rather  than  ground  flows. 

Dark  Lobate  Rows.  Dark  lobate  materials  are  very  dark  (albedo  0.2)  deposits  that  occur  in 
small,  sub-circular  to  elongate  patches  typically  a few  kilometers  wide  and  up  to  10  km  long.  The 
patches  primarily  occur  in  a broadly  elongate  field  about  800  by  1000  km  around  #17.  Individual 
patches  occur  as  domes  (like  cinder  cones)  and  lobate  tongues  In  the  hollows  of  the  very  rough 
cantaloupe  and  patchy  smooth  terrains.  The  features  are  reminiscent  of  very  viscous  extrusions  on  the 
Earth.  A possible  analog,  even  In  terms  of  size,  is  the  Chao  Dacite  flow  In  Chile. 

Park  Spots.  In  contrast  to  the  above  features  which  have  recognizable  parallels  in  terrestrial 
volcanism,  the  dark  spots  are  unlike  anything  else  seen  in  the  solar  system.  The  dark  spots  are  oval  to 
somewhat  Irregular  shaped  spots  with  smooth,  convex-upward  edges  scattered  between  about  20  and 
40*  south.  The  larger  spots  range  from  30  to  80  km  In  diameter.  The  spots  are  reminiscent  in  shape 
and  distribution  of  droplets  of  water  splashed  across  an  ofl-covered  surface.  The  spots  are  often 
(always?)  surrounded  by  a border  of  lighter  material.  The  prototype  example  of  this  feature  is  #18. 

Other  unmistakable  examples  occur  farther  to  the  east  and  south.  A broad  band  of  oval  spots  extends 
through  the  southern  half  of  the  bright  spotted  polar  terrain.  These  spots  are  partially  obscured  by  a thin 
coat  of  bright  material,  but  their  shapes,  distributions,  and  albedo  are  slmflar  to  the  dark  droplet  type 
materials.  In  addition,  many  of  the  spots  in  the  polar  unit  have  bright  borders  recognizable  under  the 
thin  coating.  Thus  the  polar  spots  are  also  Inferred  to  be  dark  droplet  materials.  If  this  interpretation  is 
correct,  then  these  materials  are  quite  widespread,  and  the  process  forming  them  is  an  important  one. 
The  droplet  materials  are  quite  solid  despite  their  appearance:  the  type  areas  have  several  well-preserved 
superposed  craters.  It  is  speculated  that  the  units  are  extrusive,  the  borders  being  possibly  thermally 
metamorphosed  crustal  materials  (though  at  typical  widths  of  several  tens  of  kilometers  the  mechanics 
are  obscure).  If  this  is  the  case,  the  convex  edges  (order  100  m high)  imply  a fairly  high  viscosity  at  the 
time  of  emplacement. 

References.  l)Smith  B.A.  and  the  Voyager  Imaging  Team  (1989)  Science  246:1422-1449.  2)  Croft,  S.K. 
(1990)  Fire  and  Ice  on  Triton.  This  Volume.  3)  Croft,  S.K.  (1990)  Triton  geology  and  geologic  history,  this 
volume.  4)  Kargel  J.  and  R.G.  Strom  (1990)  This  volume. 
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TITAN  AND  TRITON:  THE  BEHAVIOR  OF 
ICES  MORE  VOLATILE  THAN  WATER 

David  J.  Stevenson,  Division  of  Geological  and  Planetary  Sciences 
Caltech,  Pasadena,  CA  91125  U.S.A. 

Water  ice  is  the  most  common  volatile  in  the  solar  system  and  is  the  dominant 
component  determining  the  morphology  and  behavior  of  most  observable  satellite 
surfaces  in  the  outer  solar  system  . However,  there  are  at  least  two  very  interesting 
counterexamples  where  more  volatile  ices  are  playing  a very  important  role:  Titan  and 
Triton.  This  is  interesting  for  a variety  of  reasons,  the  most  important  being  the  insight 
that  we  can  gain  into  the  origin  and  early  history  of  these  bodies.  I report  below  some 
recent  efforts  concerning  Titan  and  Triton. 

Hydrocarbon  Storage  on  Titan  It  has  been  known  since  the  Voyager  encounter  of  Saturn 
that  Titan  must  have  a large  reservoir  of  methane  on  or  near  the  surface.  This  follows 
unavoidably  from  the  observations  of  methane  photolysis  (and  hydrogen  escape)  and  the 
significant  mixing  ratio  of  methane  in  the  troposphere.  The  equivalent  of  a global 
ocean  **  1 km  in  depth  is  required.  Over  geologic  time,  this  ocean  becomes  more  ethane 
rich  (Lunine  _et  al,  1983)  thereby  lowering  the  methane  partial  pressure  in  the  atmosphere 
(but  not  the  photolysis  rate).  Recent  radar  observations  (Muhleman  et  al,  1990)  strongly 
suggest  that  there  is  no  global  ocean:  They  find  a strong  reflection  at  least  part  of  the 
time,  analogous  to  that  observed  for  water  ice-dominated  surfaces  such  as  Ganymede. 
How  can  we  reconcile  the  atmospheric  and  radar  observations?  The  best  prospect  is  sub- 
surface storage  of  liquid  hydrocarbons  in  a "regolith"  of  water  ice.  The  macroporous 
regolith  could  be  due  to  impact-generated  rubble  that  has  imperfectly  sintered  and 
compacted  over  geologic  time,  or  it  could  be  due  to  erosion:  chemical  weathering  of  the 
ice  by  the  liquid. 

Janusz  Eluszkiewicz  and  I have  modeled  quantitatively  these  two  processes. 
Compaction  by  itself  is  drive  by  power-law  creep  and  is  naturally  more  effective  at 
depth  where  the  overburden  is  greater.  It  is  also  possible  that  the  temperature  is  larger 
at  several  kilometers  depth.  However,  we  find  that  the  hydrocarbon  "ocean"  can  undergo 
thermal  convection  in  the  permeable  regolith,  reducing  the  temperature  gradient  to  an 
adiabat  which  is  close  to  isothermal.  Under  these  circumstances,  a 3 km  thick  regolith 
that  stores  the  equivalent  of  a 1 km  thick  ocean  can  survive  for  the  age  of  the  solar 
system  at  Ti595K.  The  biggest  uncertainty  with  this  model  lies  in  the  issue  of  whether 
the  regolith  was  ever  this  thick.  The  process  of  cavernous  weathering  works  in  the 
opposite  sense  to  compaction:  It  creates  porosity  at  depth  because  the  water  ice  is 
probably  more  soluble  in  methane  that  is  under  pressure  than  in  methane  that  is 
unpressured.  The  parameters  characterizing  this  process  are  exceedingly  poorly  known 
(and  even  the  direction  of  the  effect  is  conceivably  wrong),  but  geologically-relevant 
erosion  timescales  are  possible  and  may  aid  storage  of  the  hydrocarbons.  Storage  in  this 
fashion  has  many  virtues:  It  satisfies  radar  constraints,  tidal  evolution  constraints  and  is 
physically  plausible.  Cassini  and  the  Huygens  probe  will  test  the  correctness  of  this 
picture. 

Thermal  Evolution  of  Triton  The  remarkable  images  returned  by  Voyager  pose  several 
questions  concerning  the  structure  and  history  of  Neptune's  large  moon.  Amar  Gandhi 
and  I have  sought  to  understand  the  history  of  Triton  by  constructing  parametered 
convection  calculations  based  on  rock  core  and  water  ice-dominated  mantle  rheologies. 
Although  the  severe  heating  that  accompanies  capture  may  have  melted  all  the  water 
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ice,  this  heat  spike  is  short-lived  and  does  not  seem  to  be  relevant  for  understanding  the 
regions  of  Triton  surface  that  exhibit  low  crater  counts.  Instead,  the  high  rock/ice  ratio 
(*v 70:30)  implies  an  unusually  high  chondritic  heating  and  a long  delay  in  the  cooling  and 
freezing  of  a water-rich  ocean  underlying  an  Ice  I outermost  shell.  If  NHg  is  present  in 
the  ocean  then  it  becomes  progressively  concentrated  as  cooling  progresses;  at  some 
point,  the  liquid  becomes  comparable  or  equal  in  density  to  the  overlying  ice  and 
volcanism  can  take  place.  This  resurfacing  is  late  in  geologic  time  and  strictly  related  to 
radiogenic  heating  and  the  presence  of  ices  more  volatile  than  water.  It  is  possible  that 
the  volcanism  persists  even  now,  but  the  "geyser”  activity  is  probably  unrelated  to  this 
because  it  is  very  shallow. 

Rheology  of  Nitrogen  and  Methane  Clearly  the  flow  properties  of  these  ices  are 
important  for  understanding  Triton's  present  surface  and  its  evolution.  Janusz 
Eluszkiewicz  and  I have  constructed  deformation  maps,  using  existing  data  for  methane 
and  theoretical  arguments  based  on  homologous  scaling  for  nitrogen.  In  both  cases,  we 
find  that  the  creep  is  non-Newtonian  (exponent  ~3)  at  the  stress  levels  corresponding  to 
kilometer  topography.  The  relaxation  time  for  this  topography  is  short,  typically  of 
order  106  years  for  the  relevant  temperature  ( ~ 40-50K),  demonstrating  that  the 
observed  topography  must  be  supported  by  water  ice-dominated  materials.  Conversely, 
an  arrangement  of  nitrogen  ice  over  methane  ice  is  gravitationally  unstable  because  the 
former  is  twice  as  dense  as  the  latter.  This  "salt  dome"  behavior  may  lead  to  patchy 
exposure  of  CH4  at  the  surface,  despite  the  tendency  of  solar  heating  to  place  N2  on 
top.  Patches  of  methane  may  heat  up  relative  to  N2  because  they  sublime  less;  these  * 
localized  temperature  variations  may  be  relevant  to  understanding  the  "geysers". 
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Pluto’s  Atmosphere  is  not  Pure  Methane:  Composition  and  Cosmochemistry 

Jonathan  I.  Lunine,  University  of  Arizona,  Tucson  AZ  85721 

Cosmochemical  overview:  The  compositions  of  the  atmospheres  of  Titan,  Triton  and  Pluto  con- 
tain information  on  the  chemical  state  of  the  gases  and  solids  which  were  present  in  the  outer  solar 
nebula  at  the  time  of  formation.  Although  these  bodies  are  all  more  highly  evolved  than  comets 
thereby  obscuring  the  primordial  record  to  some  extent,  they  have  the  advantage  of  place  . rea- 
tive  tocomets,  we  are  fairly  confident  of  the  approximate  location  of  formation  of  these  ^bod- 
ies Models  of  the  physical  and  chemical  evolution  of  the  surface  and  atmosphere  are  required  1 
order  to  come  closer  to  an  estimate  of  the  “bulk”  initial  volatile  abundance  than  the  amiosphenc 
composition  will  provide.  In  the  case  of  Titan,  the  sum  total  of  the  Voyager  data  can  be  used  to 
construct  a model  of  the  surface,  estimate  the  rate  of  photochemical  conversion  of  methane  to 
higher  hydrocarbons,  and  derive  an  initial  volatile  budget  for  the  surface-atmosphere  system 
(12).  This  yields  a CH4  to  N2  ratio  of  order  10,  as  opposed  to  the  atmospheric  ratio  of  order TL L 
The  atmospheric  CO  to  N2  ratio  is  10-4,  and  is  probably  pnotochemically-controlled  (3).  To§c* 
with  the  bulk  density,  these  data  indicate  that  Titan  is  very  likely  a product  of  the  ^hly-^uced 
gas  characterizing  a proto- satellite  nebula  around  the  early  Saturn,  with  the  N2  perhaps  fo 
from  ammonia  (4).  The  recent  Voyager  flyby  of  Triton  permitted  the  first  assessment  of  that  bod- 
y’s atmospheric  composition;  the  CH4  to  N2  ratio  is  104  (vapor-pressure  controlled)  and  an  upper 
limit  on  CO/N2  is  10'2.  Although  Triton’s  bulk  density  and  orbit  are  strongly  suggestive  of  forma- 
tion in  the  relatively-oxidized  solar  nebula,  in  which  CO  should  be  very  much  more  abundant  than 
CH4  the  atmosphere  appears  to  be  strikingly  similar  to  that  of  Titan  (correcting  for  vapor-pres- 
siu*  effects).  A means  of  sequestering  large  amounts  of  CH4  from  the  solar  nebuagashasbee 
suggested  (5),  but  the  absence  of  CO  relative  to  N2  is  striking.  It  is  in  this  context  that  the  compo- 
sition of  Pluto’s  atmosphere  is  of  high  interest. 

Detection  of  a heavier  gas:  While  Pluto  has  long  been  known  to  have  CH4  on  its  surface  or  in  an 
atmosphere  (6),  the  first  direct  detection  of  an  atmosphere  was  made  by  a stellar  occultation  ob- 
served from  the  ground  in  June,  1988  (7,8).  Although  such  an  occultation  yields  temperature  and 
molecular  weight  as  a combined  quantity,  it  is  possible  to  separate  the  two  if  the  temperature  pro- 
file can  be  computed.  Assuming  the  atmosphere  is  at  least  partially  methane  allows  a simple  tem- 
perature profile  to  be  constructed  based  on  absorption  and  reradiation  of  solar  infrared  photons. 
From  such  a calculation  (9),  Roger  Yelle  and  the  author  concluded  that  Pluto  s atmosphere  has ^a 
mean  molecular  weight  of  between  22  and  28,  significantly  higher  than  that  of  methane.  On  the 
basis  of  the  surface  temperature,  and  vapor  pressure  considerations,  nitrogen  and  carbon  monox- 
ide are  the  two  likely  candidates.  Unfortunately,  one  cannot  distinguish  between  the  two;  yet 
knowing  whether  the  heavier  gas  is  predominantly  CO  or  N2  is  clearly  of  the  highest  interest. 

The  temperature  profile  and  the  occultation  light  curve:  The  light  curve  recorded  by  the  KAO 
during  the  stellar  occultation  shows  a break  in  slope  near  the  base  of  boththe  m^ss  e^es' 
curves;  below  the  break  the  decrease  in  starlight  becomes  much  steeper.  William  Hubbard  in  col- 
laboration with  Yelle  and  the  author  (10),  used  the  temperature  profile  derived  in  (9)  to  synthesize 
occultation  light  curves.  They  showed  that  the  steep  decrease  in  temperature  from  the  region  of 
methane  heating  down  to  the  surface  could  reproduce  the  occultation  curves.  An  alternative  pro- 
posal is  that  near-surface  haze  may  be  dimming  the  starlight.  John  Stansberry  and  MartyTomas- 
ko  in  collaboration  with  the  author  (11),  constructed  a model  of  photochemical  haze  production 
in  Pluto’s  atmosphere;  they  concluded  that  for  all  but  extreme  conditions,  such  a haze  could  not 
produce  sufficient  optical  extinction  ot  explain  the  shape  of  the  occultation  curve. 
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State  of  volatiles  on  Pluto’s  surface:  The  total  pressure  at  Pluto’s  surface,  combined  with 
a temperature  in  the  50  to  55  K range  (12),  suggest  that  atmospheric  methane  is  in  satura- 
tion equilibrium  with  surface  frosts  of  predominantly  methane  composition.  Conversely, 
both  nitrogen  and  carbon  monoxide  are  so  volatile  that,  in  pure  form,  their  surface  ices 
would  have  vapor  pressures  of  millibars  at  Pluto’s  surface  temperature.  The  restriction  on 
surface  pressure  implies  that  these  gases  are  not  in  equilibrium  with  surface  ices.  Any 
methane  ice  on  the  surface  would  accomodate  a few  tenths  of  a percent  of  either  CO  or  N2 
measured  pressure,  if  the  methane  ice  is  sufficiently  thick  this  could  be  a significant  reser- 
voir. Alternatively,  the  CO  or  N2  may  be  supplied  from  a clathrate  hydrate  or  subsurface 
outgassing,  or  CO  may  be  derived  chemically  from  CO2.  In  any  event,  escape  calculations 
suggest  that  these  gases,  like  methane,  must  be  resupplied  to  the  atmosphere. 

References  (1)  Lunine,  Stevenson  and  Yung,  Science  222, 1229,  (1983);  (2)  Lunine,  in  The  Atmospheres  of 
Saturn  and  Titan,  ESA  SP-241, 83  (1985);  (3)  Samuelson  et  al.,  JGR  88, 8709  (1983);  (4)  Atreya,  Donahue 
and  Kuhn,  Science  201, 611  (1978);  (5)  Lunine,  in  Origin  and  Evolution  of  Planetary  Systems,  Cambridge, 
213  (1989);  (6)  Cruikshank,  Pilcher  and  Morrison,  Science  194, 835  (1976);  (7)  Hubbard  et  al..  Nature  336, 
453  (1988);  (8)  Elliot  et  al,  Icarus  77, 148  (1989);  (9)  Yelle  and  Lunine,  Nature,  339, 288  (1989);  (10)  Hub- 
bard, Yelle  and  Lunine,  Icarus,  in  press  (1990);  (11)  Stansberry,  Lunine  and  Tomasko,GRL  16, 1221  (1989V 
(12)  Sykes  et  al..  Science  237, 1336  (1987). 


Figure  1:  Vapor  pressures  versus  temperature  for  CH4  and  CO  (N2  is  very  similar  to  CO  on  this  scale).  The 
temperature  of  Pluto’s  surface  is  between  50  and  55  K.  From  (10). 
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A POST- VOYAGER  VIEW  OF  NEPTUNE’S  RING  ARCS. 

Philip  D.  Nicholson,  Space  Sciences  Building,  Cornell  University, 
Ithaca,  NY  14853. 

In  July  1984  Neptune  joined  the  family  of  ‘ringed’  planets,  with  the  discovery  during  a 
stellar  occultation  of  a narrow,  asimuthally  extended,  partially  transparent  structure 
orbiting  the  planet  at  a distance  of  ~ 67000  km, or  2.8  R„.  The  most  puzzling  aspect  of 
this  observation  was  the  lack  of  any  detectable  feature  in  the  data  at  the  point  where 
the  star  again  crossed  this  orbital  radius,  which  led  Hubbard  et  a J.,  (1986)  to  dub  this 
feature  an  ‘arc’,  rather  than  a ring.  Since  1984,  data  from  ~ 20  stellar  occultations  by 
Neptune  have  been  examined,  at  least  6 of  which  have  yielded  additional  evidence  for 
incomplete  rings,  or  arcs.  In  only  3 cases,  however,  was  the  putative  arc  occultation 
observed  at  more  than  one  telescope,  and  for  2 of  these  the  data  are  of  relatively  poor 
photometric  quality.  The  sole  remaining  unambiguous  arc  observation  occurred  on 
20  August  1985.  In  no  experiment  has  a complete  ring  been  observed. 

Voyager  images  have  now  revealed  the  actual  distribution  of  ring  material  around 
Neptune:  the‘arcs’  or  incomplete  rings  inferred  from  ground-based  stellar  occultations 
now  appear  to  be  due  to  three  longitudinal  clumps  in  the  outer  ring,  1989N1R  (radius 
= 62900  km),  each  4-10  deg  long,  and  spanning  a total  range  of  33  degrees.  Further 
data  has  come  from  the  UV  stellar  occultation  observed  by  the  Voyager  UVS  and 
PPS  instruments  (Broadfoot  et  a I.,  1989;  Lane  et  a I.,  1989),  which  both  detected 
the  leading  arc;  the  measured  width  of  15  km  and  mean  optical  depth  of  0.05  are 
compatible  both  with  the  ground-based  near-IR  data  and  with  parameters  inferred 
from  visual  images  (Smith  et  a I.,  1989). 

With  the  revised  Neptune  pole  direction  inferred  from  Voyager  tracking  of  the  inner 
satellites  (Owen,  1989,  priv.  comm.),  the  radii  of  three  ground-based  arcs  from  1984- 
1985,  including  both  of  the  independently  confirmed  observations,  are  found  to  match 
the  radius  of  the  outer  ring  to  ± 100  km.  Moreover,  these  same  three  cuts  fall  within  a 
narrow  longitude  range  of  12.6  deg,  when  extrapolated  to  a common  epoch  using  the 
Voyager- derived  arc  mean  motion.  An  examination  of  all  the  available  occultation 
data  has  shown  only  two  additional  cases  in  which  a star  crossed  the  33  deg  arc 
region,  apparently  threading  a gap  between  the  arcs.  By  extending  the  time  baseline 
of  the  Voyager  arc  model  to  include  the  ground-based  occultation  data,  an  improved 
arc  mean  motion  of  820.1185  deg/day  has  been  derived  (Nicholson  et  a L,  1990), 
corresponding  to  a semi-major  axis  of  62932.3  km.  The  distribution  of  ground-based 
occultation  cuts  across  the  arc  region  of  1989N1R  is  compared  in  Figure  1 with  the 
Voyager  arc  model,  as  a function  of  the  assumed  mean  motion. 
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Mean  Motion  (deg/day) 


Figure  1.  Longitudes  of  stellar  occultation  cuts  across  the  Neptunian  ring  1989N1R, 
corrected  to  a common  epoch  of  20  August  1985,  6:53:49.3  UTC.  Solid  lines  indicate 
positive  arc  observations;  dotted  lines  cuts  for  which  no  arc  occultation  was  observed. 
The  hatched  diagonal  bands  indicate  the  three  arcs  observed  in  Voyager  images  in 
August  1989,  projected  back  to  the  same  epoch.  Matches  between  the  occultation 
data  and  the  Voyager  images  occur  for  mean  motions  of  820.1185  and  820.1110 
deg/day.  Key:  1 = 22  July  1984;  2 = 7 June  1985  (two  stars);  3 = 30  July  1985 
(IRTF  and  Palomar  Mtn.);  4 = 20  August  1985  (IRTF  and  Lowell  Obs.). 
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SMALL  SATELLITES  OF  NEPTUNE:  SIZES,  SHAPES,  AND  WHOLE-DISK 
FflQTQM  ETRY 

P.  Thomas  and  J.  Veverka,  Center  for  Radiophysics  and  Space  Research,  Cornell  University, 
Ithaca,  NY  14853. 

The  small  satellites  of  Neptune  fall  into  two  groups:  Nereid,  which  has  a distant 
eccentric  orbit,  and  six  others  with  circular  orbits  less  than  five  planetary  radii  from  Neptune 
(Smith  et  al.  1989).  Some  of  the  innermost  of  the  new  small  satellites  appear  to  be 
connected  intimately  with  the  planet’s  rings.  Only  the  largest  of  the  newly  discovered 
satellites  1989N1,  was  resolved  well  enough  by  Voyager  2 to  show  surface  features,  the 
second  largest,  1989N2,  was  imaged  well  enough  to  obtain  its  approximate  shape;  for  two 
others,  1989N3,  N4,  only  an  estimate  of  size  was  possible  (Table  1). 


Table  1:  Small  Satellites  of  Neptune  

Best 

Resolution 
(km/pxl) 


Nereid  5110.0 

1989N1  117.6 

1989N2  73.6 

1989N3  52.5 

1989N4  62.0 

1989N5  50.0 

1989N6  48.0 


170  ± 25  0.14  ± 0.04  43.3 

209  ± 8 0.062  ± 0.01  1.3 

95  ± 10  0.057  ±0.01  4.1 

75  ± 10  0.063  ± 0.02  16.9 

80  ± 10  0.063  ± 0.01  18.4 

40  ± 8 17*4 

27  ± 8 17-3 


Satellite 


aCIO3  km) 


Mean 

Radius 

(km) 


Geometric 

Albedo 


For  1989N1  the  shape  (Fig.  1)  can  be  determined  well  from  available  images.  An 
ellipsoidal  approximation  gives  radii  of  220, 208,  and  200  (±  4)  km.  Tracking  the  large  200 
km  crater  (Smith  et  al.,  1989)  near  (10°S,  20°W)  shows  that  the  satellite  is  wtthrn  5%  of 
synchronous  rotation.  For  1989N2  the  long  axis  radius  is  about  100  km,  the  short  axis 
radius  about  85  km.  The  intermediate  axis  cannot  be  determined  from  Voyager  data.  Mean 
radii  for  1989N3  and  N4  can  be  measured  from  a few  images  with  sufficient  resolution  but 
with  some  smear.  The  sizes  of  1989N5  and  N6  must  be  estimated  indirectly  from  the  total 
brightness,  assuming  that  these  two  inner  satellites  have  albedos  identical  to  those  of  the  other 

four  (Table  1). 

In  terms  of  shape,  limb  roughness,  and  relative  size  of  the  largest  crater,  1989N1  is 
typical  of  other  small  satellites  (Thomas  et  al. , 1986).  There  is  no  evidence  in  the  Voyager 
image  of  any  past  internal  geologic  activity  or  of  structural  readjustment  due  to  internal 
processes.  It  is  worthwhile  to  point  out  that  1989N1  is  larger  than  Mimas  and  not  much 
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smaller  than  Enceladus,  and  that  it  is  the  ellipsoidal  shape  of  Mimas  rather  than  the  irregular 
form  of  1989N1  that  requires  explanation  (Johnson  and  McGetchin,  1973;  Dermott  and 
Thomas,  1988). 


Geometric  albedos  can  be  measured  directly  for  four  of  the  inner  satellites  (Table  1): 
all  give  values  close  to  6% . Thus,  these  satellites  appear  to  be  similar  in  albedo  to  the  ring 
particles  (Smith  et  al.,  1989)  and  to  the  small  satellites  of  Uranus  (Thomas  et  al.,  1989), 
but  are  definitely  darker  than  Nereid,  the  geometric  albedo  of  which  is  about  twice  as  high 
(Table  1).  Since  Voyager  observations  of  the  small  satellites  are  restricted  to  phase  angles 
between  about  10°  and  50°,  a major  uncertainty  in  the  geometric  albedos  given  in  Table  1 
concerns  the  extrapolation  of  the  phase  curves  to  opposition.  For  1989N1 , N2,  N3,  and  N4, 
adequate  phase  curves  can  be  derived;  that  for  1989N1  is  shown  in  Fig.  2.  All  four  satellites 
have  phase  coefficients  between  0.03  and  0.04  mag/deg  between  phase  angles  of  10°  and 
50°. 


Color  measurements  with  the  Voyager  Cameras  for  Nereid  and  1989N1  and  by  the 
Voyager  Photopolarimeter  for  1989N2  indicate  that  these  satellites  all  have  flat,  gray  spectra 
similar  to  those  of  the  ring  particles  (Smith  et  al.,  1989;  Lane  et  al.,  1989). 

This  research  was  supported  by  NASA  Grant  NSG  7156. 
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delta  mag 


Fig.  1.  Shape  of  1989  N1  from  three  best  Voyager  image  sequences,  as  seen  from  25°S, 
95°N.  The  shape  is  typical  of  heavily  cratered  small  satellites.  The  largest  crater 
(located  at  10°S,  20°W),  is  200  km  across,  a scale  comparable  to  the  mean  radius  of 
the  satellite. 


Fig.  2.  Disk-integrated  phase  curve  for  1989N1;  Clear  filter.  Error  bars  are  approximate 
measurement  uncertainties  and  do  not  include  corrections  for  a light  curve,  which  may 
have  an  amplitude  of  0. 1 mag.  The  fitted  phase  coefficient  is  0.039  mag/deg. 
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MODELS  FOR  RIDGE  AND  TROUGH  TERRAIN  ON  ICY  SATELLITES  AND 
THE  ORIGIN  OF  RIDGES  IN  ELSINORE  CORONA,  MIRANDA 
Robert  Pappalardo  and  Ronald  Greeley,  Department  of  Geology,  Arizona  State  University, 
Tempe  AZ  85287 

A terrain  common  to  four  icy  satellites  of  Jupiter,  Saturn,  and  Uranus  is  "ridge  and  trough 
terrain,"  which  consists  of  subparallel  ridges  and  troughs,  most  often  within  resurfaced  regions. 
Such  terrain  includes  the  "grooved  terrain"  of  Ganymede  [1],  the  "ridged  plains"  of  Enceladus  [2], 
the  coronae  of  Miranda,  and  a variety  of  areas  on  Ariel.  The  morphologies  of  ridges  and  troughs 
on  icy  satellites,  which  we  have  classified  [3],  differ  among  the  icy  satellites  and  can  vary  on  a 
single  icy  body.  Different  processes  might  produce  terrains  of  comparable  ridge  and  trough 
morphology  on  icy  bodies.  Here  we  discuss  the  candidate  processes  for  forming  ridge  and  trough 
terrain  and  tests  to  distinguish  among  them. 

Nine  geological  processes  are  considered  capable  of  producing  alternating  ridges  and  troughs: 

1)  tension  fracturing,  2)  normal  faulting  (either  horst  and  graben  faulting  or  block  faulting), 
3)  thrust  faulting,  4)  folding,  5)  strike-slip  tectonics  (wrenching  and  bend  duplexing),  6)  fissure 
volcanism,  7)  fissure  extrusion  of  solid-state  material  (extrusive  diapirism),  8)  near-surface 
intrusion,  and  9)  surface  folding  of  a flow.  Each  process  creates  distinct  landforms.  However, 
there  must  be  clear  understanding  of  each  process  in  order  to  extrapolate  observed  terrestrial 
morphologies  to  cold,  low  gravity  bodies  and  icy  surface  materials.  If  parameter  values  can  be 
determined,  models  for  the  development  of  terrestrial  landforms  can  be  applied  to  icy  satellites, 
their  viability  tested,  and  the  effects  of  changes  in  parameter  values  evaluated.  Both  morphological 
and  theoretical  models  for  the  creation  of  ridge  and  trough  landforms  are  currently  being  tested 
against  the  observations  of  ridge  and  trough  terrain. 

1)  Tension  Fracturing.  The  high  length/width  and  Ridge- width/Trough- width  ratios  of  some 
ridge  and  trough  types  are  compatible  with  their  being  tension  fractures.  However,  no  observed 
trough  sets  show  the  length  and  spacing  distribution  characteristic  of  tension  fractures,  predicted  to 
follow  a decaying  exponential  [4,5].  In  addition,  the  widths  of  troughs  observed  on  icy  satellites 
predict  depths  so  large  [4]  that  it  is  unlikely  that  any  are  true  tension  fractures.  Morphometric 
parameters  are  indicators  of  the  stress  necessary  to  produce  a fracture,  and  stress  models  are  being 
used  to  evaluate  the  fracture  hypothesis. 

2)  Normal  Faulting.  Normal  faults,  commonly  manifest  as  horst  and  graben  topography  or 
tilted  block  faults,  can  take  on  a range  of  morphologies,  and  many  varieties  of  ridge  and  trough 
terrain  may  be  the  result  of  normal  faulting.  Theoretical  faulting  models  are  being  used  to  constrain 
ridge  and  trough  types  that  can  result  from  this  process. 

3)  Thrust  faulting.  Thrust  belts  are  morphologically  distinct  in  that  they  display  strike- slip  tear 
faults  and  fault  blocks  show  a common  direction  of  convexity  where  they  intersect  the  surface. 
Some  ridges  and  troughs  bounding  Inverness  Corona,  Miranda  are  candidate  thrusts;  however, 
they  lie  in  topographically  low  regions  and  are  likely  normal  faults  instead. 

4)  Folding.  Folding  models  relate  fold  (ridge)  spacing  to  the  thickness  of  the  folded  plate.  The 
maximum  plate  thickness  that  permits  folding  is  directly  related  to  the  plate’s  compressive  strength 
and  inversely  related  to  gravity.  On  Earth,  ice  sheets  greater  than  0.3  m in  thickness  do  not  fold, 
but  fail  brittley  [6].  The  increased  compressive  strength  of  very  cold  ice  and  the  low  gravity  of  icy 
satellites  will  permit  folding  of  thicker  ice  sheets  upon  sufficient  compressive  stress,  perhaps 
allowing  folding  to  be  a viable  model  for  ridge  and  trough  terrain. 

5)  Strike-slip  tectonics.  Wrench  tectonism  forms  a braided  pattern  of  surface  faults  upon  small 
strike-slip  displacements.  Braided  and  sinuous  types  of  ridges  and  troughs  [3]  might  have  formed 
by  this  process.  Bends  along  strike-slip  faults  may  result  in  fault-bounded  duplexes  whose  parallel 
interior  faults  trend  obliquely  to  its  bounding  faults  [7].  This  may  account  for  the  oblique  trends  of 
some  ridge  and  trough  sets  on  Ganymede,  relative  to  sulcus  bounds. 

6)  Fissure  volcanism.  In  regions  of  high  extension  rate  and  rapid  quenching,  such  as  along  the 
East  Pacific  Rise,  fissure  eruptions  can  produce  linear  volcanic  constructs  ~2  to  15  km  wide  and  up 
to  200  km  long.  A crestal  graben  is  characteristic  (due  to  pressure  reduction  and  subsequent 
keystone  collapse)  and  volcanic  peaks  can  be  found  along-axis  [8].  Marginal  troughs  may  develop 
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beside  volcanic  ridges  which  are  initially  uncompensated.  These  constructs  are  possible  analogues 
to  "Large  Ridges"  on  Enceladus,  "Elsinore  Ridges"  on  Miranda,  and  "Curvilinear  Ridges"  on  Ariel 
[3]. 

7)  Extrusive  diapirism.  Diapirism  has  been  shown  to  be  a viable  model  for  creating  regularly 
spaced  ridges  and  troughs  [3].  In  plan  view,  diapiric  walls  may  pinch  and  swell  and  be 
discontinuous  along  their  length,  and  their  rim  synclines  take  the  form  of  bounding  troughs. 
Diapiric  walls  may  be  an  appropriate  analogue  to  "Elsinore  Ridges"  on  Miranda  and  "Curvilinear 
Ridges"  on  Ariel. 

8)  Near-surface  intrusion.  Near  surface  intrusion  warps  the  overlying  surface  in  a ridge- 
trough-ridge  style  [9]  consistent  with  morphologies  that  have  been  observed  on  icy  satellites  [10]. 
However,  to  produce  surface  deformation  on  the  scale  appropriate  to  some  Ganymede  troughs,  a 
1 km  wide  dike  would  require  a driving  pressure  >l(rf  bar.  Intrusions  by  tabular  dikes  or  diapiric 
ridges  can  arch  their  cover  in  the  style  of  an  anticlinal  laccolith  [11].  Preliminary  results  indicate 
that  wide  laccoliths  (~10  km)  may  form  under  a shallow  cover  (~100s  m)  on  icy  satellites  in 
response  to  magma  driving  pressures  of  a few  bars. 

9)  Surface  folding.  Flow  ridges  are,  theoretically,  a viable  analogue  for  ridge  and  trough  terrain 
[12].  Flow  ridges  are  predicted  to  have  a ridge-width/trough-width  ratio  ~1,  to  have  convex-up 
ridge  morphology,  and  to  trend  parallel  to  their  source  and  to  topographic  slope.  Flow  ridges  may 
truncate  intervening  troughs,  but  troughs  do  not  truncate  ridges.  "Sinuous  Ridges  and  Troughs" 
bounding  a "Large  Ridge"  on  Enceladus  (near  10°N,  330°)  meet  these  morphological 
requirements.  It  has  been  suggested  that  "Close-Packed  Ridges  and  Troughs"  in  Inverness 
Corona,  Miranda,  are  flow  ridges  [13].  However,  some  display  flat-floored  troughs,  and  some  are 
gradational  from  "Asymmetrical  Ridges  and  Troughs"  that  we  interpret  to  be  extensional  block 
faults,  suggesting  that  normal  faulting  is  a more  appropriate  model. 

The  origin  of  Miranda's  coronae  and  the  ridges  and  troughs  contained  within  has  been  the 
subject  of  much  debate.  Ridges  in  the  outer  bands  of  Elsinore  Corona,  located  in  the  western 
hemisphere  of  Miranda,  have  been  suggested  to  be  folds  [14],  horsts  [14,15],  or  linear  volcanic 
constructs  [13,16].  Presently,  the  morphological  predictions  and  theoretical  constraints  of  the 
geologic  models  are  being  applied  to  test  formation  hypotheses.  Summarized  here  is  a preliminary 
analysis  of  the  origin  of  subparallel  ridges  and  troughs  in  the  outer  bands  of  Elsinore  Corona  based 
upon  morphological  constraints. 

A sketch  map  of  the  types  of  ridges  and  troughs  observed  in  Elsinore  Corona  ([17],  Figure  1) 
shows  that  two  landforms,  here  called  Elsinore  Ridges  and  Straight  Troughs,  dominate  the 
corona's  outer  bands,  giving  the  "ridged"  (and/or  "grooved")  appearance.  Elsinore  Ridges  are  -10 
to  50  km  long  and  typically  2 to  3 (but  up  to  6)  km  wide.  They  are  morphologically  similar  to  some 
Ganymede  ridges  in  that  they  can  be  sharp-crested  and  terraced  in  profile  [10]  and  are  of  essentially 
the  same  scale.  However,  Elsinore  Ridges  are  distinct  in  that  they  pinch  and  swell,  can  be 
discontinuous  along  their  length,  and  blend  into  the  level  of  surrounding  terrain  where  one  or  both 
of  their  bounding  troughs  terminate.  They  also  may  end  with  a convex  terminus.  Elsinore  Ridges 
display  the  largest  Ridge-width/Trough-width  ratio  (~0.5)  of  all  types,  resulting  in  a "ridged" 
(rather  than  "grooved")  appearance.  Analysis  of  of  "grooved  terrain"  near  the  south  pole  of 
Ganymede  shows  that  it  is  also  "ridged,"  with  a Ridge-width/Trough-width  ratio  ~0.8  [18]. 
Elsinore  Ridges  are  observed  to  occur  only  in  the  east-west  trending  band  of  Elsinore  Corona 
(hereafter  the  "Ridged"  band),  subparallel  to  the  corona's  boundaries. 

The  linear,  "ridged"  morphology  of  Elsinore  Ridges  and  apparent  lack  of  strike-slip 
displacement  discounts  their  being  formed  as  the  result  of  tension  fracturing,  thrust  faulting,  strike- 
slip  tectonics,  or  surface  folding. 

The  morphology  of  Elsinore  Ridges  is  generally  consistent  with  their  being  folds  [14],  but 
bounding  troughs  are  difficult  to  explain  in  a folding  model.  Furthermore,  the  geological 
associations  to  Elsinore  Ridges  argue  an  extensional,  rather  than  compressional,  origin.  Straight 
Troughs,  which  may  bound  Elsinore  Ridges  and  which  occur  throughout  the  Ridged  band,  are 
linear,  narrow  (-1  km)  troughs  typically  separated  from  each  other  by  broad  and  relatively  flat 
regions.  Their  wide  spacing  and  the  flat  topography  of  the  intervening  terrain  argues  that  Straight 
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Troughs  are  true  negative  relief  features.  In  the  adjacent  north-south  trending  band,  a set  of 
Straight  Troughs  disappears  into  the  terminator.  Elsinore  Ridges  do  not  appear  in  this  north-south 
band.  Neither  Elsinore  Ridges  nor  Straight  Troughs  can  be  unambiguously  traced  across  the 
juncture  of  the  two  bands;  instead,  some  Straight  Troughs  of  the  north-south  band  terminate 
against  a mottled  unit  ([17],  Figure  1).  Of  the  possible  formation  processes,  horst-and-graben 
faulting  can  best  explain  the  morphology  of  Straight  Troughs.  Local  extension  might  occur  in  a 
compressional  stress  regime  (along  fold  crests),  but  the  lack  of  candidate  compressional  features  in 
the  north-south  band  means  that  there  is  no  clear  evidence  for  compression  there,  only  extension. 

Sinker  and  riser  models  [14]  predict  identical  stress  states  in  the  north-south  and  the  Ridged 
bands.  Thus,  the  evidence  for  extension  and  the  lack  of  evidence  for  compression  in  the  north- 
south  band  calls  the  compressional  model  into  question.  Additional  arguments  can  be  made  for  the 
outer  bands  of  Elsinore  Corona  having  formed  in  an  environment  of  extensional  stress.  l)Straight 
Troughs,  which  are  probably  graben,  also  occur  in  the  Ridged  band.  2)It  has  been  argued  that 
Elsinore  Corona  is  at  least  partially  volcanically  resurfaced  [19],  suggesting  an  extensional  regime. 
3)Limb  profiles  [20]  show  that  topographic  depressions  bound  Elsinore  Corona  on  its  three  visible 
sides.  Prominent  bounding  troughs  are  predicted  to  occur  at  the  margins  of  rift  zones  [21],  and  the 
presence  of  similar  structures  has  been  used  to  argue  an  extensional  origin  for  Ganymede's  ridge 
and  trough  terrain.  Beyond  the  bounding  trough,  Elsinore  Corona  is  bordered  by  a rise  of  ~1  km 
[20]  that  might  be  an  isostatic  response  to  adjacent  normal  faulting  [22].  4)Within  its  southern 
boundary,  the  Ridged  band  contains  troughs  that  are  arranged  en  echelon , indicative  of  oblique 
extension. 

Elsinore  Ridges  may  be  horsts,  linear  extrusions  of  melt  or  of  solid-state  (diapiric)  material,  or 
anticlinal  laccoliths  lifted  by  large-scale  linear  intrusions.  Topographic  lows  adjacent  to  Elsinore 
Ridges  do  not  appear  flooded,  arguing  against  formation  of  these  ridges  by  extrusion  of  low- 
viscosity  material.  Ridges  do  not  exhibit  smooth  parabolic  profiles  and  lobate  termini,  as  would  be 
expected  of  viscous  extrusions.  No  evidence  exists  for  associated  circular  plan  extrusions  or 
intrusions,  arguing  against  formation  of  ridges  by  diapiric  extrusion  or  by  laccolithic  intrusion  of 
diapinc  walls  [c.f.  17].  Bounding  troughs  and  convex  termini  argue  against  Elsinore  Ridges  being 
horsts.  Further  morphological  and  theoretical  tests  are  being  applied  to  constrain  the  origin  of 
Elsinore  Ridges.  The  presence  of  Elsinore  Ridges  in  the  Ridged  band  and  their  absence  in  the 
north-south  band  may  be  due  to  differences  in  lithospheric  thickness  at  the  times  of  band 
formation,  in  amount  or  rate  of  extension,  or  in  degree  or  timing  of  volcanic  resurfacing. 

The  process  of  applying  terrestrial  geologic  models  to  the  icy  satellites  continues,  with 
emphasis  turning  toward  theoretical  constraints  of  the  geologic  models.  Morphological  and 
theorencal  constraints  will  be  applied  to  each  of  the  ridge  and  trough  types  [3]  observed  on  icy 
satellites,  and  evaluation  and  ranking  of  the  formation  models  will  be  made  for  each  type  A 
synthesis  will  be  produced  in  which  the  derived  classification  will  be  finalized  and  cross-referenced 
to  the  interpreted  formational  process,  and  conclusions  will  be  developed  as  to  the  role  ridge  and 
trough  terrain  may  play  in  the  general  evolution  of  outer  planet  satellites. 
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Most  of  the  satellites  in  the  saturnian  and  uranian  systems  appear  to  have  undergone  ex- 
tension al  tectonism  and  resurfacing.  Only  Iapetus  and  Umbriel  do  not  exhibit  clear  evidence  of  at 
least  some  such  activity  (1,2),  and  even  in  these  cases  the  lack  of  evidence  may  be  due  to  insufficient 
image  resolution.  We  examine  here  the  internal  stress  distribution  produced  by  the  thermal  evolu- 
tion of  the  saturnian  and  uranian  satellites  following  their  formation,  and  consider  the  conditions 
necessary  to  produce  near-surface  extensions!  stresses  large  enough  to  cause  failure. 

Starting  from  an  initial  accretional  temperature  profile  (3),  the  satellites  are  allowed  to 
evolve  thermally  by  radiation  to  space  and  conduction.  Solid  state  convection,  when  it  occurs, 
is  handled  following  the  technique  of  Ellsworth  and  Schubert  (4).  The  effects  of  both  radiogenic 
heating  in  the  silicate  fraction  of  the  satellite  (assuming  a carbonaceous  chondritic  compostion) 
and  the  release  of  latent  heat  from  ice  phase  transitions  are  included  in  the  model. 

The  stresses  built  up  in  the  satellites  are  calculated  assuming  that  the  satellites  have  a 
viscoelastic  rheology,  and  that  deviatoric  stresses  are  initially  zero.  The  radial,  ar,  and  tangential, 
ay,  stresses  in  excess  of  the  lithostatic  stress  are  found  by  integrating. 
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E is  Young’s  modulus,  v is  Poisson’s  ratio,  a;  is  the  linear  coefficient  of  thermal  expansion,  p is 
viscosity,  AT  is  the  change  in  temperature  from  the  initial  temperature,  A ppt  is  the  difference  in 
density  between  the  ice  I and  ice  II  dominated  regions,  rb  is  the  position  of  the  ice  I - ice  II  phase 
boundary,  U is  the  step  function  and  t is  time.  In  the  expression  for  a,  the  first  term  takes  into 
account  the  effects  of  thermal  stresses,  while  the  second  accounts  for  shifts  in  the  position  of  the  ice 

I - ice  II  phase  boundary.  The  total  stress  is  found  by  subtracting  the  lithostatic  stress  from  oj  and 
aT.  Lithostatic  stress  is  calculated  assuming  a simple  two-layer  model  with  a constant-density  ice 

II  - rock  core  and  ice  I - rock  mantle.  The  position  of  the  ice  I - ice  II  phase  boundary  is  determined 
from  the  equilibrium  relation  (4): 


T(MPa)  = 0.917T(K)  - 1.762, 

and  is  found  after  each  time  step  using  an  iterative  procedure  until  a self-consistent  solution  is 
obtained. 

We  find  that  large  extensional  surface  stresses  can  be  produced  early  in  the  thermal  histones 
of  these  satellites.  The  most  important  sources  of  stress  are  (a)  thermal  stresses  caused  by  rapid 
cooling  and  contraction  of  outer  regions  that  were  warm  at  the  end  of  accretion,  and  (b)  global 
expansion  caused  by  ice  II  - ice  I phase  changes.  Table  1 shows  the  maximum  near-surface 
extensional  tangential  stresses  reached  in  each  of  the  major  satellites  within  the  first  200  Myi . In 
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all  cases,  the  radial  stresses  remain  nearly  lithostatic.  The  results  shown  in  the  table  are  for  an 
initial  temperature  profile  produced  by  gas-free  accretion.  On  the  smaller  sateUites,  only  small 
stresses  develop,  probably  insuffcient  in  strength  to  fracture  ice.  However,  if  accretion  occurs  in  a 
warm  gaseous  nebula,  allowing  a large  post-accretional  temperature  drop,  extensional  stresses  of 
at  least  several  MPa  develop  very  quickly  (within  a million  years)  on  these  satellites,  sufficient  in 
strength  to  fracture  ice.  On  the  intermediate  to  lage  satellites,  extensional  stresses  of  several  tens 
of  MPa  accrue  within  200  million  years,  easily  strong  enough  to  fracture  ice. 

An  important  characteristic  of  the  temperature  and  stress  distributions  that  we  find  is 
that  the  material  immediately  underlying  the  zone  where  failure  is  expected  is  the  warmest  in 
the  satellite,  and  its  temperature  commonly  is  close  to  or  greater  than  the  H20-NH3  eutectic 
temperature.  Hence,  it  may  be  buoyant  and  mobile  enough  to  reach  and  flow  out  onto  the  surface 
through  any  fractures  that  are  created.  We  believe,  therefore,  that  thermal  stresses  may  be  able 

to  account  for  both  extensional  tectonism  and  resurfacing  on  many  of  the  saturnian  and  uranian 
satellites. 


Table  1 


Satellite 

<T7’max(MPa) 

Satellite 

<7;rmax(MP 

Iapetus 

51.6 

Oberon 

53.7 

Rhea 

30.0 

Titania 

62.9 

Dione 

6.6 

Umbriel 

18.4 

Tethys 

3.4 

Ariel 

28.1 

Enceladus 

0.4 

Miranda 

0.0 

Mimas 

0.2 
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ALBEDO  AND  COLOR  MAPS  OF  THE  SATURNIAN  SATELLLITES 

B.  J.  Buratti,  J.  A.  Mosher,  and  T.  V.  Johnson 

JPL/Caltech 

Color  and  albedo  maps  of  the  five  medium  sized  Saturnian 
satellites  - Mimas,  Enceladus,  Tethys,  Rhea,  and  Dione  - were 
recently  completed  (Buratti  et  al.,  1990).  One  of  the  areas  we 
investigated  in  detail  was  the  cause  of  the  albedo  dichotomies 
found  on  the  outer  three  of  these  objects  (see  also  Verbiscer  and 
Veverka,  1989).  Originally,  we  thought  that  the  areas  were 
"coated"  by  Saturn's  E-ring;  however,  by  comparing  our  results 
with  the  model  of  Shoemaker  and  Wolfe  (1982),  we  concluded  that 
brighter  leading  sides  of  the  satellites  may  be  caused  in  part  or 
totally  by  preferential  micrometeoritic  gardening.  This  idea  is 
still  not  entirely  satisfactory,  because  Plescia  and  Boyce  (1982) 
showed  that  craters  are  not  preferentially  placed  on  the  trailing 
side. 


There  is  evidence  for  an  unusual  exogenic  deposit  on  Tethys. 
Two  dark  "patches"  exist  on  this  satellite:  a reddish 

longitudinal  feature  centered  on  the  antapex  of  motion,  and  a 
bluish  equatorial  region  centered  near  the  apex  of  motion.  We 
suggest  that  the  former  feature  is  primordial,  or  possibly  caused 
by  magnetospheric  interactions,  whereas  the  blue  patch  is  an 
exogenic  deposit,  possibly  caused  by  a collision  with  a comet  or 
a cloud  of  particles  similar  to  those  that  have  been  purported  to 
exist  in  the  Saturnian  region  (Burns  et  al.,  1989). 

The  other  conclusions  we  report  are: 

1.  There  is  a general  lack  of  correlation  of  albedo  and 
color  with  geologic  features,  except  in  the  case  of  Rhea  and  the 
trailing  side  of  Dione. 

2.  There  is  no  appreciable  leading/trailing  color 
dichotomy  for  these  satellites,  except  for  Tethys. 

3.  UV  photolysis  may  have  altered  the  surfaces. 
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THE  CRATERING  RECORD  AND  GEOLOGICAL  HISTORY  OF  ENCELADUS  S.  Pozio1  and 
J.S.  Kargel2;  1 Reparto  Planetologia,  Viale  Universita,  11-00185  Rome,  Italy;  2 Lunar  and  Planetary 
Laboratory,  University  of  Arizona,  Tucson,  AZ  85721 

Introduction.  The  satumian  satellite  Enceladus  shows  a variety  of  tectonic  features  and  a wide  range 
in  crater  densities  indicative  of  a dynamic  history  [1-5].  In  a previous  paper  we  examined  the  tectonics 
of  Enceladus  [5].  Here,  we  construct  a geological  history  based  on  crater  densities  and  our  previous 
tectonic  mapping.  Figure  1 shows  the  surface  of  Enceladus  divided  into  four  major  terrains,  each  of  which 
is  sharply  bounded  by  major  tectonic  contacts:  cratered  plains,  ridged  plains,  rifted  terrain,  and  banded 
terrain.  Two  terrains  are  further  subdivided  on  the  basis  of  tectonics  or  internal  variations  in  cratering. 

Cratering  record.  Figure  2 shows  a cumulative  crater  density  plot  for  Enceladus  and  its  terrain  units, 
and  Figure  3 is  an  "R-plot"  comparing  Enceladus  with  other  icy  satellites.  Observational  losses  are  minor 
for  craters  larger  than  5.7  km  (image  resolution  is  about  2 km/l.p.).  Table  1 gives  cumulative  crater 
statistics  for  craters  larger  than  5.7  km  in  diameter  for  the  major  terrain  units  and  their  subdivisions. 

The  ridged  plains  (Rp)  include  a long  system  of  curvilinear  ridges  of  likely  compressional  or  volcano- 
tectonic  origin  [5],  The  Rp  are  almost  devoid  of  craters.  Only  two  small  craters  have  been  identified  in  this 
entire  area  (109,000  km2),  indicating  complete  and  geologically  recent  re-surfacing. 

The  cratered  plains  (Cp)  exhibit  over  an  order  of  magnitude  variation  in  crater  densities.  The  lower 
crater  densities  are  found  at  the  lower  latitudes  (Cpl,  Cp2,  and  Cpll),  while  progessively  (gradationally?) 
higher  crater  densities  occur  to  the  north  (Cp  3-10).  No  obvious  cryovolcanic  flow  fronts  are  visible  in 
the  Cp,  nor  are  obvious  "ghost"  craters  present,  although  such  features  might  be  found  with  better 
resolution.  A tectonic  alignment  of  pits  in  Cp4-6  may  relate  to  tectonically-controlled  cryoclastic  volcanism 
[7].  The  absence  of  craters  larger  than  about  30  km  means  that  even  the  most  heavily  cratered  surfaces 
are  devoid  of  "Population  1"  craters  [2],  indicating  that  even  these  old  regions  were  probably  resurfaced. 
The  crater  density  in  the  most  heavily  cratered  regions  is  similar  to  that  on  Mimas  and  the  heavily  cratered 
surfaces  of  Tethys  (Figure  3). 

The  Cp  are  everywhere  dominated  by  extensional  tectonics,  although  locally  the  tectonic  style  may 
include  trans-tensional  faulting  [5],  Many  fractures  are  veiy  fresh,  although  other  fractures  have  been 
cratered,  suggesting  that  an  extensional  tectonic  regime  prevailed  in  the  Cp  for  a considerable  time. 

A sub-unit  of  cratered  plains,  Cpl2,  exhibits  unusual  appearing  craters.  Small  craters  have  been 
preserved,  while  large  craters  are  very  shallow  and  have  bowed  up  floors,  indicative  of  viscous  relaxation 
[4].  The  crater  density  of  this  region  is  similar  to  the  adjacent,  normal  appearing  regions  of  heavily 
cratered  plains;  since  no  sharp  tectonic  contact  is  apparent,  Cpl2  appears  to  have  been  derived  from 
typical  cratered  plains  by  a laterally  gradational  enhancement  in  heat  flow. 

A north-trending  rifted  terrain  (Rf)  is  characterized  by  sub-parallel  extensional  fractures,  cryovolcanic 
flooding,  and  possibly  "stretched"  craters,  and  the  whole  unit  has  been  tectonically  down-dropped.  Rf  was 
derived  by  volcano-tectonic  processes  at  the  expense  of  cratered  plains.  The  density  of  post-rifting  craters 
is  spatially  non-uniform,  suggesting  protracted  or  episodic  rifting.  Cp  tectonically  abutts  Rf  on  both  east 
and  west,  and  at  one  time  Cp  was  apparently  continuous  across  the  region  now  occupied  by  Rf. 

The  banded  terrain  (Bt)  is  crossed  by  en  echelon  bands  of  uncertain  origin  [5].  The  Bt  has  a low  but 
variable  crater  density,  indicating  that  it  was  generated  over  a substantial  interval  of  time.  Btl  has  about 
the  same  crater  density  as  the  rifted  terrain  and  Cp4,  while  the  sparse  cratering  of  Bt2  is  comparable  to 
Cpl-3.  The  morphology  and  cratering  record  of  the  Bt  are  consistent  with  either  multiple  over-lapping 
cryovolcanic  flows  or  with  imbricated  thrust  sheets. 

Absolute  and  relative  ages.  The  observed  crater  density  in  the  ridged  plains  is  roughly  0.2%  that  of 
the  heavily  cratered  regions.  Part  of  this  exceedingly  low  crater  density  is  probably  accounted  for  by 
unfavorable  illumination  of  much,  but  not  all,  of  the  ridged  plains.  Even  so,  the  actual  crater  density  of 
the  ridged  plains  is  probably  less  than  1%  that  of  the  heavily  cratered  terrain.  Assuming  the  heavily 
cratered  terrain  is  of  the  order  of  4 x 109  years  old,  and  assuming  a constant  flux  of  Population  2 
projectiles  since  that  time,  then  the  age  of  the  ridged  plains  is  of  the  order  of  lOMo8  years  old. 

The  absolute  ages  of  other  terrains  can  not  be  usefully  constrained  due  to  our  current  insufficient 
understanding  of  the  impact  flux  through  time.  Table  1 provides  some  indication  of  relative  ages,  though 
one  must  be  mindful  of  problems  with  apex-antapex  asymmetries  in  cratering  rates  and  possible  shifts  in 
Enceladus*  rotation  axis  through  time.  We  note,  however,  that  the  ridged  plains  are  centered  in  the  trailing 
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hemisphere  which  should  have  the  largest  and  most  energetic  flux  of  impactors;  hence,  the  fr«hness  of 
Rp  is  a mJe  indication  of  its  youthfulness.  Also,  abrupt  lateral  contrasts  m crater  dens.ty  always 

correlate  witi^twtonic  boundaries  Enceladus’  history,  global  re-surfacing  obliterated  all  evidence 

of  thtTheavy  b^bardments  rdated'to  accretion  and  Population  1 craters  [6].  Subsequenfly  only 
Pomilation  2 projectiles  impacted  Enceladus.  For  conceptual  simplicity  one  may  imagine  that  all  of 
Enceladus’  surface  once  consisted  of  cratered  plains  bearing  only  P^ukrion  2 

remnants  of  these  plains  may  now  be  found  at  high  northern  latitudes  (Cp5-10).  (2)  Rifting  resulted  m 
fracturing,  cryovokanic  flooding,  and  possibly  viscous  relaxation  and  stretching  of  impact  craters  in  the 
Rifted  terrain-  this  event  may  have  been  co-eval  with  plains  formation  m Cp4  and  the  emplacement  of  B . 
StSS  c^lcaSsm  and  extensional  fracturing  generate  the  younger  sub-umts , ot r the  cratered 
plains  (Cpl-3),  and  emplacement  of  the  youngest  sub-unit  of  the  banded  terrain  (P  M ) 8 P 

were  formed  by  a combination  of  compressional  tectonics  and  widespread  cryoyolcanism. 

Refeences  [1]  Smith,  B.  etJiL  1982,  Science, ,21jb  504-537.  [2]  Plesua JB  and  Boyce,  JM 
1QR.T  Nature.  3oi.  666-670.  [3]  Squyres,  S.  jUt.  1983,  Ipus^  319-331  [4 19^> 
Icarus  53.  105-120.  [5]  Pozio,  S.  and  Kargel,  J.S.,  1989,  abstract,  Lun.  Planet.  Sci.  g,  8J4-8«.  [6] 
Strom,  RX3.,  1987,  Icarus.  70.  517-535.  [7]  Kargel,  J.S.,  1984  (abstract),  Lun.  Planet.  Sci.XV,  427-428. 


Figure  1.  Terrain  units  and  sub-divisions;  Cp=* 
Cratered  Plains;  Rp  = Ridged  Plains;  Rf“  Rifted 
Terrain;  Bt*=  Banded  Terrain. 
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Figure  3.  "R"-plot.  E = Enceladus;  R * Rhea  showing 
population  1 and  2 superimposed  [6J;  G ■*  Ganymede 
cratered  terrain. 


Table  1.  Cumulative  numbers  of  craters  larger 
than  5.7  km  per  104  km1 


Terrain  Sub-unit  Area(km*)  Density  Uncertainty 


Cpl 

22,400 

450 

+ - 140 

Cp2 

13,000 

150 

110 

Cp3 

11,440 

790 

260 

Cp4 

12,000 

2080 

420 

CpS 

7,940 

4160 

720 

Cp6 

6,340 

3790 

770 

Cp7 

2,850 

4210 

1220 

CpS 

2,440 

3690 

1230 

Cp9 

11,080 

5050 

680 

Cpio 

28,900 

3220 

330 

Cpll 

53,000 

1190 

150 

Cpl2 

21,400 

3510 

410 

Cp  Average 

192,790 

1960 

110 

Btl 

9,370 

1600 

410 

Bt2 

15,900 

380 

150 

Bt  Average 

25.270 

B30 

180 

Rp  Average 

109,000 

0 

Rf  Average 

12,900 

1780 

370 

Enceladus  Avg. 

349,960 

1340 

60 
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10:  A VOLATILE-RICH  SATELLITE 

Alfred  S.  McEwen,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001  and  Jonathan  I. 
Lunine,  Lunar  and  Planetary  Laboratory,  Tucson,  AZ  85721. 

Hapke  (1989)  showed  that  the  spectral  properties  of  Io  can  be  matched  by 
combinations  of  basalt,  S02,  polysulfur  oxide  (PSO),  and  S20.  He  proposed  that 
the  surface  is  dominantly  basaltic  with  only  thin  (on  the  order  of  a micrometer) 
coatings  of  S02  (except  for  thicker  patches  covering  ~10%  of  the  surface)  and  its 
dissociation  products  PSO  and  S20  and  that  elemental  sulfur  is  not  present  in 
significant  amounts.  However,  observations  and  models  of  the  active  volcanism 
indicate  that  volatiles  such  as  sulfur  and  S02  must  be  more  abundant  than 
envisioned  by  Hapke  (McEwen  and  Lunine,  1990). 

In  Hapke 's  model,  the  surface  of  Io  is  as  volatile  poor  as  possible,  yet 
it  is  consistent  with  the  spectral  observations.  However,  models  richer  in 
volatiles  also  match  the  spectral  observations.  The  fundamental  problem  is  that 
reflected  light  provides  information  on  only  the  uppermost  particles  of  the 
surface.  Io's  bulk  density  and  topography  suggest  a dominantly  silicate  crustal 
composition.  However,  the  size  and  temporal  variability  of  the  active  volcanic 
plumes  and  the  hot-spot  infrared  spectra  indicate  that  volatiles  must  be  more 
abundant  than  only  those  of  a thin  surface  coating.  Furthermore,  the  rates  of 
formation  of  PSO  and  S20  as  dissociation  products  of  S02  are  probably  much  lower 
than  the  volcanic  resurfacing  rate;  unless  they  condense  directly  from  volcanic 
gases,  they  are  probably  minor  components  of  the  surface. 

PSO  Abundance  and  Volcanic  Resurfacing. 

Critical  to  Hapke  s model  is  the  assumption  that  the  volcanic  resurfacing 
of  Io  is  local  and  intermittent,  so  that  optically  thick  layers  of  PSO  or  S20 
have  time  to  accumulate  (as  dissociation  products  of  S02)  between  resurfacing 
events.  Hapke  stated  that  the  areas  altered  by  the  active  plumes  observed  by 
Voyager  make  up  about  2.5%  of  Io's  surface.  However,  he  based  this  statement 
on  data  given  by  Johnson  et  al.  (1979),  which  was  obtained  prior  to  the  Voyager 
2 encounter  and  did  not  include  the  very  large  eruption  deposits  from  Aten,  Surt, 
and  the  greatly  enlarged  east  Loki  plumes;  the  radius  of  Pele's  deposit  was  also 
underestimated.  These  corrections  increase  the  area  of  Io's  resurfacing  by 
plumes  to  about  12%  in  only  a 4-month  period.  Little  PS0/S20  is  likely  to 
accumulate  from  dissociation  of  S02  prior  to  volcanic  resurfacing,  unless  it 
condenses  directly  on  the  cold  surface  from  SO  or  S20  gas  in  the  plumes. 

Active  Volcanism. 

Hapke  stated  that  "The  hot  spots  and  plumes  are  silicate  volcanoes  and 
associated  fumaroles."  The  active  plumes  on  Io  had  eruption  velocities  ranging 
from  0.5  to  1.0  km  s1  (Smith  et  al.  1979),  so  they  should  not  be  characterized 
as  fumaroles,  which  are  low-energy  gas  vents.  The  point  that  Hapke  seemed  to 
attempt  to  make  is  that  only  small  quantities  of  S02  and  no  elemental  sulfur 
need  be  present  to  explain  Io's  volcanism.  However,  the  presence  of  significant 
volatiles  is  required  to  drive  explosive  volcanism.  Io's  surface  is  highly 
depleted  in  H20  and  C02  (Cruikshank  et  al.  1978,  Pollack  et  al.  1978).  Because 
H20  and  C02  drive  terrestrial  explosive  eruptions,  other  volatiles  such  as  S02  or 
S probably  drive  the  volcanism,  although  recent  evidence  for  H2S  (Nash  and  Howell 
1989,  Salama  et  al.  , 1990)  may  indicate  the  presence  of  some  subsurface  H20. 
Kieffer  (1982)  analyzed  the  plumes  in  terms  of  the  thermodynamics  of  S02  and  S 
working  volcanic  fluids,  and  the  matches  between  her  predictions  and  the  Io 
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observations  (cf.  McEwen  and  Soderblom  1983)  have  been  considered  a strong 
argument  that  the  plumes  are  driven  by  these  materials.  Furthermore,  the 
longevity  (most  likely  several  years'  duration)  of  the  Prometheus- type  plumes 
which  are  probably  driven  by  S02,  indicates  that  a substantial  reservoir  of  S02 
must  be  available. 


Significance  of  Hot-Spot  Emissions. 

Hapke  attached  significance  to  the  notion  that  hot-spot  temperatures  are 
consistent  with  basaltic  flows,  but  he  dismissed  the  parallel  argument  for 
sulfur.  Lunine  and  Stevenson  (1985)  constructed  a detailed  model  from  the 
hypothesis  that  the  Loki  hot  spot  is  a convecting,  molten  sulfur  lake  heated  from 
below  by  molten  silicates.  The  convection  model  took  account  of  the  peculiar 
viscosity  behavior  of  sulfur  and  the  hydrodynamics  of  evaporation  of  sulfur  from 
the  lake  surface  and  recondensation  of  the  vapor  over  a wide  area  surrounding 
the  lake.  They  concluded  that  (1)  the  maximum  temperature  in  the  Loki  hot  spot 
is  very  tightly  controlled  by  evaporation  of  sulfur  from  the  lake  surface, 
through  the  strong  dependence  of  vapor  pressure  on  temperature;  (2)  the 
energetics  of  the  hot  spot  are  consistent  with  the  maximum  steady-state  energy 
flux  derivable  from  a convecting  silicate  magma  chamber;  and  (3)  the  infrare 
spectrum  emitted  from  such  a surface  sulfur  lake  and  the  surrounding  recondensed 
sulfur  fits  rather  well  the  Voyager  IRIS  spectra  (no  more  than  5%  discrepancy) . 
It  should  be  emphasized  that  conclusion  (2)  does  not  imply  that  exposed  molten 
silicates  at  the  surface  would  fit  the  IRIS  data;  in  fact,  they  would  produce 
relatively  too  much  f lux  at  high  wave  numbers  compared  with  the  IRIS  spectra  for 
Loki.  Carr  (1986)  performed  a parallel  calculation  for  a molten  silicate  flow- 
He  synthesized  IRIS  spectra  from  his  model  temperatures  and  areas  for  active  and 
inactive  silicate  flow  regions.  Comparison  of  his  models  with  the  IRIS  Loki  data 
shows  discrepancies  of  up  to  a factor  of  2 at  a given  wave  number  More 
specifically,  the  model  flux  is  relatively  low  in  the  600  to  1800  cm  wave- 
number  range  and  relatively  high  in  the  1800  to  2400  cm1  range,  depending  on  how 
the  hot-spot  area  (or  eruption  rate  in  Carr's  model)  is  adjusted.  Therefore  the 
model  predicts  either  too  small  an  area  at  temperatures  of  200°-500°K  or  too  much 
area  at  temperatures  in  excess  of  500°K.  Carr  suggested  that  volatiles  such  as 
sulfur  or  sulfur  compounds  might  be  outgassing  on  parts  of  the  flow  and  might 
redistribute  the  power  to  lower  wave  numbers.  This  would  require  that  at  least 
half  of  the  total  excess  emission  from  Loki  would  result  from  this  outgassing. 
The  sulfur  lake  model  is , in  a sense , a version  of  that  suggestion  in  which  all 
of  the  excess  emission  is  explained  by  sulfur  outgassing. 


Disk- integrated  Spectrum  of  Io^ 

Hapke  demonstrated  a good  match  between  the  average 
disk- integrated  spectrum  of  lo  from  0.2-0. 8 /im  and  a linear  mixture  of  the 
spectra  of  50%  PSO,  10%  S02,  15%  S20,  and  25%  basalt  powder.  Other  workers  have 
demonstrated  a good  match  in  this  spectral  region  from  different  materials.  We 
suggest  that  fits  to  a portion  of  the  disk- integrated  spectrum  that  does  not 
contain  diagnostic  absorption  features  may  not  allow  a unique  interpretation; 
this  problem  is  shared  by  proponents  of  both  elemental  sulfur  and  PS0/S20. 

Disk-Resolved  Spectra, 

McEwen  (1988)  produced  multispectral  mosaics  of  Io  from  the  five  Voyager 
colors  from  0.32  to  0.62  pm.  The  intrinsic  spectral  variability  of  Io,  as  seen 
in  a series  of  two-dimensional  histograms,  is  continuous  among  three  major 
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spectral  end  members.  One  end  member  corresponds  to  the  spectrum  of  S02  frost, 
the  second  corresponds  spatially  to  Pele-type  plume  deposits,  and  the  third 
consists  of  relatively  low  albedo  materials.  Basalt  powder  and  S20  fall  well 
outside  the  Io  data,  so  they  are  probably  not  present  as  nearly  pure  components 
on  a scale  of  1 km  or  larger.  The  PSO  spectra,  which  are  similar  to  those  of 
various  forms  of  elemental  sulfur,  fall  within  the  data  swarm  and  near  the  second 
end  member.  However,  the  spatial  relations  show  that  unit  2 materials  are 
closely  associated  with  deposits  from  the  Pele-type  plumes;  these  deposits  were 
minutes  to  months  old  at  the  times  of  the  Voyager  observations.  Their  age  is 
inconsistent  with  gradual  formation  as  a dissociation  product  of  S02.  If  unit 
2 is  PSO  rather  than  elemental  sulfur,  then  it  must  form  at  the  time  of 
deposition,  perhaps  as  a condensate  of  gaseous  SO  as  discussed  by  Sill  and  Clark 
(1981)  and  Hapke  (1989).  If  so,  then  the  presence  of  PSO  does  not  imply  a 
volatile-poor  Io. 
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SULFUR  ON  IO:  CALORIMETRIC  ANALYSES  OF  LABORATORY  ANALOGS 
James  L.  Gooding1  and  Douglas  B.  Nash2 

1SN21/Planetary  Science  Branch,  NASA/Johnson  Space  Center,  Houston,  TX  77058 
^San  Juan  Institute,  San  Juan  Capistrano,  CA  92675. 

Introduction.  Vacuum-weathered  sulfur,  produced  by  differential  sublimation  of  ordinary  sulfur 
under  high  vacuum,  has  been  proposed  as  a candidate  surface  material  on  the  Jovian  moon,  Io  [1,2]. 
We  previously  used  differential  scanning  calorimetry  (DSC)  [3]  to  characterize  the  differences  in  phase 
composition  among  different  sulfur  analogs  prepared  in  the  laboratory  [1,2].  Here  we  report  new  DSC 
data  that  provide  a direct  test  of  the  hypothesis  [1]  that  vacuum- weathered  sulfur  is  predominantly 
polymeric  in  form. 

Experimental  Procedure.  Replicate  samples  of  Crystex  (90%  polymeric  sulfur;  Stauffer 
Chemical  Company,  Westport,  CT)  were  analyzed  with  a Perkin-Elmer  DSC-2C  as  1-5  mg  aliquots  in 
loosely-covered  aluminum  pans.  Heat-flow  curves  were  acquired  as  each  sample  was  heated  over  the 
300-480  K range  at  5 K/min  under  continuous  purge  (4  cm3/min)  of  high-purity  Ar  gas,  followed  by 
quench  cooling  to  300  K.  Results  were  compared  with  those  obtained  previously  for  vacuum- 
weathered  sulfur  and  its  unweathered  parental  substrate  [3].  DSC  temperature  and  heat-flow 
calibrations  were  established  by  analysis  of  indium  metal  (U.  S.  National  Institute  of  Standards  and 
Technology,  GM-758),  assuming  T(melt)  - 429.76  K and  AH(melt)  = 3.264  kJ/mol  (6.794  cal/g)  [4]. 

Results.  Heat-flow  curves  for  the  three  sulfur  analogs  are  compared  in  Fig.  1 and  corrected 
thermodynamic  values  are  summarized  in  Fig.  2.  We  have  previously  interpreted  peaks  a-c  as  solid- 
state  phase  transitions,  peak  d as  bulk  melting,  and  peak  e as  a liquid-lambda  transition  related  to 
polymerization  of  the  melt  [3].  The  major  observation  is  that  vacuum-weathered  sulfur  resembles,  but 
does  not  exactly  match,  polymeric  sulfur  in  its  phase  composition. 

DSC  peak  e is  absent  from  both  the  vacuum-weathered  and  polymeric  samples,  suggesting  that 
their  melt  structures  are  similar  and  distinctively  different  from  that  of  ordinary  sulfur.  Nonetheless, 
peak  a,  which  is  diagnostic  of  vacuum -weathered  sulfur,  is  absent  from  polymeric  sulfur.  Also,  peak  b 
for  vacuum-weathered  sulfur  is  shifted  to  a higher  temperature  relative  to  both  polymeric  and  ordinary 
sulfur.  Finally,  peak  d in  vacuum-weathered  sulfur  represents  a relatively  low  enthalpy  change  whereas 
integrated  values  of  peak  d are  comparable  for  both  polymeric  and  ordinary  sulfur.  In  detail,  the 
respective  values  for  temperature  and  enthalpy  of  fusion  of  polymeric  sulfur  appear  to  be  intermediate 
between  corresponding  values  for  vacuum-weathered  and  ordinary  sulfur.  Broadening  of  peak  d in  the 
heat-flow  curves  of  both  the  polymeric  and  vacuum-weathered  samples  suggests  either  an  unresolved 
component  (e.g.,  incomplete  resolution  of  peaks  c and  d)  or  an  intrinsic  signature  of  the  polymeric 
allotrope  that  is  not  characteristic  of  ordinary  sulfur.  Additional  DSC  analyses  at  lower  scan  rates  (to 
increase  temperature  resolution),  along  with  further  analyses  of  peak  shapes,  should  provide  a direct 
test  of  these  alternative  interpretations. 

In  summary,  these  new  results  indicate  that  vacuum-weathered  sulfur  is  not  identical  to 
polymeric  sulfur  but  that  the  vacuum-weathered  sulfur  probably  contains  a significant  polymeric 
fraction.  Precise  phase  identification  of  the  of  vacuum-weathered  sulfur  will  require  additional  work. 
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Planetary  Institute,  Houston,  760-761.  [4]  Robie,  R.  A.  et  al.  (1979)  U.  S.  Geol.  Surv.  Bull.  1452y  456  p. 
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Figure  1.  DSC  heat-flcw  curves  for  first-run  heating  of  sulfur  analogs.  Heat-flow  data  have  been  mass-normalized  so  that  the 
three  curves  are  directly  comparable.  For  display  clarity,  the  three  curves  have  been  artificially  staggered  along  the 
vertical  scale.  Peaks  a-e  are  the  same  as  depicted  in  Fig.  2. 


TEMPERATURE  (K) 


Figure  2.  Corrected  phase-transition  data  derived  from  DSC  heat-flow  curves  after  calibration.  Duplicate  analyses  are 
represented  for  each  analog  material. 
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REFLECTANCE  MODELING  OF  CALLISTO  TO  DETERMINE  ICE  ABUNDANCES  AND  MINERALOGY 
OF  THE  NON- ICE  COMPONENT 

Wendy  M.  Calvin  and  Roger  N.  Clark,  U.S.  Geological  Survey,  MS  964, Box 
25046,  Denver,  CO  80225 


In  the  planetary  community  there  has  been  some  controversy  regarding 
the  amount  of  water  ice  present  in  the  optical  surface  of  Callisto.  In 
order  to  help  resolve  this  controversy  an  extensive  modeling  study  was 
undertaken.  In  contrast  to  previous  studies  this  effort  concentrated  on 
matching  all  the  ice  bands  as  well  as  the  albedo  of  Callisto  by  using 
simultaneous  intimate  mixtures  of  ice  and  rock  in  an  areal  combination  with 
pure  rock.  For  the  rock  component  either  carbonaceous  or  enstatite  chon- 
drite  meteorites  were  used  as  they  are  spectrally  flat  in  the  0.5  to  2.5-/xm 
range,  and  have  a drop  in  reflectance  from  the  visible  to  the  ultra-violet, 
similar  to  Callisto.  Given  the  great  range  of  parameters  we  wished  to 
explore,  an  empirical  study  was  not  practical,  therefore  model  spectra  were 
calculated  according  to  equations  presented  by  Hapke  (1981) . 

First  the  carbonaceous  chondrite  meteorites  were  used  in  the  models, 
but  were  found  to  be  much  too  dark.  This  effect  can  not  be  countered  by 
simply  reducing  the  grain  size  as  features  caused  by  the  larger- grained  ice 
are  suppressed  even  for  very  small  abundances  of  the  meteorite.  Next  the 
enstatite  chondrites  were  used  in  the  models,  as  they  have  reflectance  lev- 
els that  are  higher  than  the  carbonaceous  chondrites  while  remaining  spec- 
trally flat  between  0.5  and  2,5  /im.  Models  which  attempted  to  fit  the  3-/im 
band  using  a small  ice  grain  size  poorly  matched  the  depths  of  the  ice 
bands  shorter  than  2.5  /im.  Extensive  modeling  has  shown  that  ice  with 
grain  sizes  smaller  than  0.01  cm  can  not  be  included  without  compromising 
the  fit  of  these  spectral  bands.  Also,  models  which  fit  the  depths  of  the 
ice  bands  shorter  than  2.5  /im  indicate  that  surface  ice  is  insufficient  to 
account  for  the  3-/im  band,  so  that  in  this  spectral  region  other  hydrated 
minerals  must  dominate. 

After  modeling  over  250  thousand  combinations  fairly  narrow  limits  for 
the  ice  grain  size  and  weight  fractions  were  obtained.  The  best  fitting 
models  contain  20-45  wt%  ice  in  the  optical  surface,  in  reasonable  agree- 
ment with  results  of  a separate  modeling  study  performed  by  Roush  et  al . , 
1990.  The  Calvin  and  Clark  study  (1988,  1990)  indicates  that  the  ice  com- 
ponent of  the  surface  is  fairly  large  grained.  The  best  matches  to  the 
observed  spectrum  used  one  component  of  ice  with  a grain  size  on  the  order 
of  millimeters  to  centimeters  and  another  ice  component  with  grain  sizes  in 
the  range  of  200-500  /im.  The  non-ice  material  must  have  a grain  size 
larger  than  or  approximately  equal  to  50  to  100  /im  in  order  to  avoid 
suppressing  the  weaker  ice  bands  in  calculated  spectra.  The  best  fitting 
models  are  those  of  a surface  that  has  patches  of  ice  and  rock  intimately 
mixed  and  patches  of  pure  rock. 

These  limits  on  the  abundance  and  grain  size  of  the  ice  in  the  opti- 
cal surface  allow  an  inversion  of  the  model  calculations  to  remove  this 
amount  of  ice  from  the  observed  reflectance  spectrum.  This  results  in  the 
reflectance  spectrum  for  the  non- ice  material  on  the  surface  in  which  three 
broad  absorption  features  of  mineralogical  origin  are  observed: 
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1)  a broad  absorption  centered  over  1 pm,  which  is  associated  with 

both  oxidation  states  of  iron, 

2)  a drop  in  reflectance  from  0.7  to  0.3  pm  (the  "red  edge")  with  an 

indication  of  ferric  spin  forbidden  bands,  and 

3)  a strong  absorption  from  2.8  to  4 pm  associated  with  adsorbed 

water . 

Given  the  ancient  appearance  of  Callisto's  surface  it  might  be 
expected  that  the  non- ice  material  is  similar  to  meteoritic  material,  and 
after  examining  spectra  from  the  meteorite  classes  presented  by  Gaffey 
(1976)  we  found  that  the  spectral  absorption  bands  in  the  Callisto  non- ice 
material  resemble  those  observed  in  the  spectra  of  primitive  carbonaceous 
chondrites.  Among  the  primitive  (type  CM  and  Cl)  carbonaceous  chondrites 
we  found  the  CM  meteorite  Nogoya  provided  the  best  match.  However,  these 
primitive  chondrites  are  much  to  dark  spectrally  to  be  considered  as  rea- 
sonable analogs  to  the  Callisto  non- ice  material.  However,  materials 
present  in  the  matrix  of  these  meteorites  may  in  fact  be  reasonable  candi- 
dates . 

The  1-pm  absorption  in  the  Callisto  non- ice  material  coupled  with  the 
spin  forbidden  absorptions  in  the  visible  indicate  both  ferric  and  ferrous 
iron.  Barber  (1981)  has  discussed  that  the  hydrous  silicates  present  in 
the  matrix  of  the  CM  chondrites  include  iron-rich  serpentines  and  berthier- 
ines.  These  silicates  contain  both  ferric  and  ferrous  iron  and  are 
hydrated  and  are  therefore  reasonable  candidates  for  the  Callisto  non- ice 
material.  Few  of  these  matrix  materials  have  been  characterized  spectrally 
as  they  are  fairly  uncommon  terrestrially.  An  examination  of  Fe-  and  Mg- 
endmember  serpentines  (Calvin  and  Clark,  1989)  revealed  that  a combination 
of  the  the  two  will  provide  a reasonable  spectral  match  to  the  Callisto 
non- ice  material  up  to  1.5  pm.  The  Fe  - serpentine  can  match  the  0.35  pm 
spin  forbidden  absorption  and  the  broad  1-pm  absorption.  The  Mg- serpentine 
can  duplicate  the  spin  forbidden  features  at  0.30  and  0.43  pm.  There  are 
discrepancies  beyond  approximately  1.5  pm  which  may  be  alleviated  by  the 
inclusion  of  other  matrix  phases  or  opaque  minerals  on  the  surface  of  Cal- 
listo . 


Recent  observations  from  the  NASA  Infrared  Telescope  Facility  on  Mauna 
Kea  undertaken  under  the  Planetary  Astronomy  Program  should  assist  in 
further  constraining  the  nature  of  the  non- ice  material  on  Callisto.  These 
new  data  were  obtained  with  the  CGAS  spectrometer  using  the  "D"  grating 
with  a resolving  power  of  approximately  300.  Observations  were  made  cover- 
ing the  wavelength  range  from  1.9  to  4.8  pm. 

Barber,  1981,  Geochim.  Cosmochim.  Acta , 45,  945-970.  Calvin  and 
Clark,  1988  BAAS , 20,  876.  Calvin  and  Clark,  1989,  Meteoritics , 24,  257- 
258.  Calvin  and  Clark,  1990,  submitted  to  Icarus . Gaffey,  1976,  J.  Geo - 
phys . £es.,  81  905-920.  Hapke,  1981,  J.  Geophys . , Res .,  86,  3039-3054. 
Roush  et  al.,  1990,  Icarus , in  press. 
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Callisto : New  Evidence  for  a Hemispheric  Difference  in  Surface  Texture 


Bonnie  J.  Burat ti  ( J PL/Caltech) 

One  of  the  most  important  goals  of  remote  sensing  observations  is  the 
derivation  of  surficial  textural  properties  of  planetary  surfaces.  These 
properties  --  which  include  the  compaction  state  of  the  optically  active 
portion  of  the  regolith,  the  scale  and  extent  of  microscopically  rough 
features,  as  well  as  the  shape  and  size  distribution  of  surfic 
particles  --  are  indicators  of  the  present  structure  and  past  evolution  of 
the  body.  Moreover  some  planets  and  satellites  exhibit  significan 

differences  in  these  properties  at  various  locations  on  their  surfaces. 


Telescopic  observations  of  the  Galilean  satellite  Callisto  indicate  that 
marked  differences  exist  between  its  leading  and  trailing  hemispheres. 
Polarization  measurements  suggest  that  the  leading  si  e is  covere 
pulverized  dust  whereas  the  trailing  side  consists  of  dust- free  rock  or 
gravel  (Dollfus,  1975).  The  optical  data  are  particularly  intriguing, 
leading  hemisphere  is  usually  darker,  but  it  undergoes  a large  opposition 
surge  to  become  brighter  than  the  trailing  hemisphere  when  its  face  is  fully 
illuminated.  In  the  absence  of  a scattering  model  for  planetary  surfaces, 
the  available  optical  observations  have  never  been  properly  interpreted. 
Fortunately,  in  the  past  several  years,  radiative  transfer  models  (e.g., 

Hapke  1986)  have  been  developed  and  applied  to  a large  num  er  o air  ess 
planets  and  satellites.  If  accurate  photometric  measurements  are  obtained 
over  a wide  range  of  scattering  geometries,  estimates  to  better  than  10*  can 
be  made  of  the  following  physical  parameters:  the  single  scattering  al  e o 

(w)  the  mean  slope  angle  of  rough  features  (0),  the  Henyey- Greens te in 
asymmetry  factor  in  the  single  scattering  phase  function  (g)  , and  the 

fraction  of  space  occupied  by  particles  in  the  regolith  (f) . 

Voyager  imaging  observations  of  Callisto  have  been  reduced  and  combined  with 
ground  based  telescopic  data  to  product  complete  solar  phase  curves  of  both 
Its  leading  and  trailing  hemispheres.  These  curves  have  been  fit  to  a 
scattering  model  to  yield  the  results  shown  in  the  Table.  We  find 

leading  side  of  Callisto  is  composed  of  particles  which  are  more  strongly 

backscattering  and  less  highly  compacted  than  the  trailing  side. 


micrometeor it ic 


to  enhanced 

bombardment  of  the  leading  side, 

dichotomy  (i.e.,  the  trailing  side  is  fluffier;  see  . _ . . 

possibly  because  of  enhanced  magnetospheric  interactions  in  its  vicmi  y. 


We  attribute  this  hemispheric  difference 

and  note  that  Europa  has  the  opposite 

Buratti  et  al . , 1988) 


A similar  analysis  for  Ganymede  has  shown  that  its  surface  texture  is 
hemispher ically  uniform. 


TABLE 

p ( geom . albedo 

Callisto 
Leading  Side 
Trailing  Side 

w(±  0.03) 
0.43 
0.45 

0 (±  0.03) 
0.36 
0.29 

g(±  0.02) 

-0.23 

-0.17 

f(%) 

8 

12 

± 0.02) 
0.23 
0.20 

Buratti,  B.  et  al . (1988).  Nature  333,  148. 
Dollfus,  A.  (1975).  Icarus  25,  416. 

Hapke,  B.  (1986).  J.G.R.  86 , 3039. 
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CALLISTO  LEADING 


CALLISTO  TRAILING 


Figure.  The  model  fit  from  the  Table  shown  with  the  available 
of  the  leading  and  trailing  sides  of  Callisto. 
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Physical  Processes  in  Planetary  Rings 

Joseph  A.  Bums,  Cornell  University,  Ithaca,  NY  14853 


Summary  of  Research  Progress.  Substantial  advances  have  been  made  during  the  last 
twelve  months  on  a variety  of  research  topics  supported  by  the  above  listed  grant.  Here  I 
will  first  catalog  seven  of  the  topics  that  were  addressed  during  the  past  year  and  then 
highlight  three  of  them,  those  in  which  the  most  scientific  advances  were  made.  1)  In  an 
attempt  to  understand  the  cause  of  Saturn’s  F ring’s  bizarre  structure,  we  analyzed  a selection 
of  the  best  images  to  search  for  periodic  features  that  might  be  produced  by  nearby  moonlets. 
2)  We  considered  the  dynamical  fate  of  dust  lost  from  Phobos,  including  solar  radiation  and 
electrical  forces,  in  an  attempt  to  understand  the  possible  detections  of  debris  by  the  PHOBOS 
spacecraft;  the  latter  forces  occur  because  the  grains  rapidly  become  charged  and  move 
through  the  solar  wind’s  magnetic  field  that  is  convected  past  Mars.  3)  We  investigated  the 
dust  and  debris  hazards  faced  by  spacecraft  flying  past  asteroids  and  through  Saturn’s  E ring. 
4)  We  introduced  "collisions"  into  a numerical  code  that  we  have  been  developing  over  the 
past  few  years  for  the  history  of  a narrow  ring  as  perturbed  by  shepherd  satellites  that  may 
move  along  elliptical  or  inclined  orbits.  5)  We  studied  the  possibility  that  corotational 
Lorentz  resonances  might  determine  the  location  of  the  two  outer  narrow  Neptunian  dust 
rings.  6)  We  made  major  revisions  to  a general  review  of  planetary  rings  that  was  last 
revised  in  the  early  1980s  and  that  is  appearing  in  the  third  edition  of  a popular  survey  of  the 
solar  system,  and  we  contributed  to  a review  of  the  properties  of  the  rings  of  Uranus.  7)  In 
research  partly  supported  by  this  grant,  we  completed  a review  of  the  contradictory  evidence 
coming  from  dynamics  versus  that  from  physical  properties  as  to  the  origin  of  the  Martian 
satellites.  Various  visitors  to  Cornell,  who  received  living  stipends  partially  from  this  grant, 
carried  out  research  on  the  dynamics  of  Pluto,  the  orbital  histories  of  the  known  Earth- 
crossing asteroids,  and  numerical  simulations  of  the  Neptunian  arcs. 

1.  Periodic  Structures  in  Saturn’s  F Ring 

Kolvoord,  Bums  and  Showalter  examined  Voyager  narrow  angle  frames  of  Saturn’s  F 
ring  for  clumps  and  azimuthal  periodicities.  Using  a collection  of  overlapping  Voyager  1 
images  (FDS  35044.24  - 35045.36)  that  span  ~ 140’  in  longitude  with  an  average  radial 
resolution  of  ~ 60  km/pixel,  we  have  measured  the  equivalent  width  J / / Fdr  of  a strip 
surrounding  the  F ring  as  a function  of  azimuth,  after  appropriate  calibration  and  background 
subtraction.  A Fast  Fourier  Transform  of  these  data  shows  several  discrete  wavelengths 
rather  than  the  range  of  values  described  in  the  initial  Voyager  reports.  The  strongest  signal 
in  this  data  corresponds  to  the  spacing  of  two  bright  clumps  that  are  perhaps  the  signatures 
of  embedded  satellites  with  dislodged  regolith.  Since  nearby  satellites  should  produce 
periodic  features  with  A = 3jrAa , where  A a is  the  separation  in  semimajor  axes  of  perturber 
and  perturbee  (Showalter  and  Bums,  Icarus  52,  526-544),  we  can  identify  the  perturbations 
of  proximate  moons.  The  gravitational  signature  of  Prometheus  (inner  adjacent  moon)  is 
strong,  while  that  of  Pandora  (outer  adjacent  moon)  is  absent,  as  expected  since  Prometheus 
is  both  more  massive  and  closer  to  the  ring.  Other  features  may  indicate  the  presence  of  as- 
yet  unseen  nearby  moonlets  (cf.  Cuzzi  and  Bums,  Icarus  74,  284-324);  since  the  separation 
in  semimajor  axes  is  specified  by  A,  the  strength  of  the  signatures  requires  that  the  moonlets 
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be  on  elliptical  (e  ~ 10‘2  - 103)  orbits  so  that  they  pass  close  to  the  ring.  Voyager  2 data  give 
similar,  but  less  convincing,  identifications. 

2.  Fate  of  Dust  Lost  from  Phobos 

Horanyi,  Bums,  Tatrallyay,  andLuhmann  investigated  the  dynamics  of  small  dust  grains 
ejected  from  the  Martian  satellites,  considering  both  the  solar  radiation  perturbation  and 
electromagnetic  forces  since  the  grains  move  in  a magnetized  plasma.  Lorentz  forces  can 
dramatically  change  the  nature  of  the  trajectories,  resulting  in,  for  example,  prolonged 
lifetimes  for  submicron-sized  grains  moving  through  our  idealized  model.  Though  temporal 
changes  of  the  solar  wind  were  ignored  and  we  only  followed  grains  for  20  days  or  less,  we 
suggest  that  a permanent,  non-uniform  and  time-dependent  dust  halo  of  grains  predominantly 
around  0. 1/im  may  exist  about  Mars. 

3.  Debris  Hazards  about  Asteroids  and  Saturn 

Future  missions  to  the  outer  solar  system  are  planned  to  make  close  approaches  to 
asteroids,  subjecting  the  spacecraft  to  unknown  hazards  from  possible  orbiting  debris.  In  an 
effort  to  assess  the  extent  of  this  increased  risk,  Hamilton  and  Bums  have  numerically 
investigated  orbits  around  an  asteroid  in  the  circularly  restricted  three-body  problem  using  a 
mass  ratio  u = 5x  10'12  which  corresponds  to  an  asteroid  with  R ~ 100  km  and  p ~ 
2.9 g/cm3.  The  asteroid’s  orbit  was  taken  to  be  circular  with  a semimajor  axis  of  2.55  AU. 
Retrograde  orbits  remain  bound  more  than  twenty  years  when  started  on  circular  orbits  of 
distances  less  than  44,500  km,  although  the  particles  reach  distances  of  49,500  km  due  to 
orbital  eccentricities  that  develop.  For  prograde  motion  over  300  years,  these  values  are 
22,000  km  and  36,000  km.  Distances  should  scale  with  the  Hill  radius  (f)m  or  with  R for 
application  to  other  asteroids. 

Working  in  a system  rotating  with  the  asteroid’s  mean  motion,  we  find  quasi-periodic 
orbits  that  separate  regions  of  nearly  circular  motion  from  escape  orbits  for  both  prograde  and 
retrograde  motion.  Since  prograde  and  retrograde  orbits  differ  so  greatly,  we  explored 
escape  as  a function  of  orbital  latitude.  Only  retrograde  orbits  of  low  inclination  are 
unusually  stable;  thus,  if  an  ensemble  of  particles  were  started  at  all  radial  locations  with  all 
possible  velocity  orientations,  the  region  in  which  particles  would  remain  many  years  later 
would  be  roughly  spherical  up  to  about  50*  latitude  and  then  flat  across  the  top.  For  this 
reason,  we  suggest  that  spacecraft  flybys  take  place  over  the  pole  of  the  asteroid’s  orbital 
plane.  This  investigation  did  not  address  mechanisms  for  population  of  such  distant  orbits. 

Bums,  Kolvoord,  and  Hamilton  studied  the  likelihood  of  particles  being  found  along  the 
orbital  paths  of  Saturnian  satellites.  Such  co-orbital  material  may  give  clues  about 
accumulation  processes  and  may  affect  a satellite’s  recent  bombardment  history.  Also,  with 
Cassini  planned  to  maneuver  close  to  many  satellites  for  observations  and  for  gravity  assists, 
the  mission  could  be  jeopardized  by  any  mm  particles  that  reside  along  satellite  orbits. 

We  have  applied  past  numerical  and  analytical  results  on  the  three-body  problem  to 
consider  the  stability  of  co-orbiting  particles  in  Hill’s  limit  (mass  ratio  u of  satellite/Satum 
— 0).  For  the  various  Saturnian  moons,  we  calculate  regions  that  are  populated  by  stable 
tadpole  (A  r ~ n,n)  and  horseshoe  orbits  (A  r ~ uin)  as  well  as  zones  of  chaos  (A  r ~ 
and  of  gravitational  wakes  (A  r > u7”);  A r is  the  radial  separation  between  the  orbits  of  a 
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satellite  and  a particle.  These  trajectory  types  do  not  differ  much  for  small  out-of-plane 

motion.  . 

Co-orbital  material  other  than  the  known  Lagrangian  moonlets  of  Dione  and  Tethys 
might  cause  some  of  the  abrupt  absorptions  of  charged  particles  noticed  when  spacecraft 
passed  through  the  L-  shells  of  Mimas,  Enceladus,  and  perhaps  Dione.  We  interpret  these 
absorptions  in  terms  of  the  lost  regolith  model  of  Cuzzi  and  Bums  ( Icarus  52,  284-324),  and 
we  find  debris  clouds  with  r L > 10  km  (r  = optical  depth  and  L = cloud  length),  the 
likelihood  of  crossing  a debris  cloud  is  < 10%;  typical  widths  are  103  km.  To  absorb  Mev 
electrons,  the  constituents  of  these  clouds  must  be  at  least  a few  mms  in  diameter.  We 
thereby  bound  the  likelihood  that  Cassini  could  be  hit  by  such  grains. 
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An  Analysis  of  Arc  Ring  Dynamics 
S.  J.  Peale  (UCSB) 


The  confinement  of  planetary  ring  particles  in  a small  range  of  longitudes  near  the 
line  of  apsides  of  a satellite  in  an  eccentric  orbit  which  is  coplanar  with  that  of  the 
rings  is  investigated  by  determining  the  motion  of  a massless  test  particle  in  orbital 
resonance  with  the  satellite  (satellite/planet  mass  ratio  = 10-7),  where  the  ratio  of 
mean  motions  is  close  to  j /(j  + 1),  (i=integer).  The  two  lowest  order  eccentricity- 
type  resonance  terms  in  the  disturbing  function,  commonly  referred  to  as  Lindblad 
and  corotational  resonances,  as  well  as  the  lowest  order  secular  terms  are  retained 
m the  Hamiltonian,  which  is  transformed  into  a constant  of  the  motion  by  a senes 
of  canonical  transformations.  The  transformations  also  reduce  the  problem  to  two 
degrees  of  freedom.  The  stable  stationary  point  of  the  system  corresponds  to  completely 
damped  libration  of  both  resonance  variables  where  the  Hamiltonian  has  its  maximum 
value.  The  libration  of  the  corotational  resonance  angle  $2  = j\\  — (j  + 1)A2  + zu% 
confines  the  particle  to  a narrow  range  of  longitudes  about  any  of  j sites  around  the 
orbit.  The  surfaces  of  section  for  the  j — 2 case,  with  62  and  its  conjugate  variable 
being  the  coordinates,  for  various  values  of  the  Hamiltonian  do  not  overlap  greatly  and 
their  superposition  resembles  the  a level  curve  diagram  for  a single  resonance  except 
the  separatrix  between  libration  and  circulation  is  replaced  by  a wide  chaotic  zone. 
The  resonances  are  more  strongly  interacting  as  j is  increased  and  superposition  of  the 
surfaces  of  section  is  no  longer  possible.  Quasiperiodic  libration  prevails  in  the  j = 4 
case  up  to  amplitudes  of  about  30°  in  real  space  (Maximum  amplitude  = 45°  for  j ' = 4 
before  adjacent  libration  zones  overlap.),  but  nearly  the  entire  libration  zone  is  chaotic 
for  larger  amplitudes.  Even  for  small  amplitude  libration,  the  amplitude  varies  wildly 
from  one  libration  to  the  next.  The  complex  motion  induced  by  the  interaction  of  the 
resonances  in  quasiperiodic  libration  and  even  more  so  in  the  chaotic  zones  implies  that 
an  ensemble  of  particles  in  an  arc  ring  will  be  continuously  mixed  with  the  subsequent 
dissipation  of  energy  via  collisions.  If  we  model  this  dissipation  as  a constant  rate  of 
decrease  in  the  orbital  energy  while  conserving  angular  momentum  on  the  average  for 
a representative  particle  of  the  ensemble,  the  mean  amplitude  of  libration  is  reduced  as 
the  Hamiltonian  climbs  toward  its  maximum  value  at  the  stationary  point.  The  effects 
of  the  peiturbing  satellite  may  thus  stabilize  arc  rings  against  the  tendency  for  them 
to  disperse  because  of  interparticle  interaction. 

This  work  was  motivated  by  the  observation  of  probable  arc  rings  around  Neptune 
through  stellar  occult  at  10ns  before  the  arrival  of  Voyager  1.  The  approach  used  here  dif- 
fers from  that  of  Goldreich  ti  a/.,  who  also  proposed  a corotational  orbital  resonance  as 
the  confining  mechanism  in  that  eccentricity— type  resonances  rather  than  inclination— 
type  weie  used  and  the  phase  space  of  the  motion  of  a test  particle  trapped  in  the 
resonance  was  thoroughly  investigated  with  surfaces  of  section.  The  limited  region  of 
non  chaotic  libration  was  therby  revealed. 

In  August  observations  made  by  the  Voyager  1 spacecraft  revealed  an  arc  ring 
system  consisting  of  3 close  but  distinct  segments.  The  ring  system  was  close  to  a j=4 
orbital  resonance  with  one  of  the  newly  discovered  satellites.  But  apparently  the  rings 
are  not  in  this  or  any  other  orbital  resonance,  and  the  existence  of  three  short,  close 
segments  is  not  consistent  with  a confinement  in  longitude  by  a corotational  orbital 
resonance.  The  above  theory  of  confinement  therefore  probably  does  not  apply  to 
the  observed  arc  rings  of  Neptune,  although  it  remains  a viable  mechanism  for  such  a 
confinement.  Unfortunately,  the  precise  orbital  periods  for  the  various  satellites  has  not 
been  released  as  of  this  writing.  The  information  that  the  rings  were  not  in  any  orbital 
resonance  with  a satellite  was  obtained  from  P.  Goldreich  (private  communication, 
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Structure  of  Saturn’s  Rings:  Collisional  Properties  of  Water  Ice 
Particles 

Frank  Bridges,*  D.N.C.  Lin,#  K.  Williams,*  and  J.  Truher* 

♦Physics  Department,  University  of  California,  Santa  Cruz,  Santa  Cruz,  CA  95064 
#Astronomy/Astrophysics  Department,  University  of  California,  Santa  Cruz, 

Santa  Cruz,  CA  95064 

The  formation  and  continuing  evolution  of  the  Saturnian  ring  system  (and  other  ring  systems) 
depends  crucially  on  the  dynamics  of  the  constituent  particles.  The  energy  losses  in  very  low 
velocity  collisions,  the  erosion  and  aggregation  processes,  as  well  as  their  dependence  on  the  surface 
properties  of  the  particles,  all  play  an  important  role.  For  zero-impact-parameter  collisions,  we  have 
shown  previously1  that  the  coefficient  of  restitution,  e,  varies  substantially  with  particle  velocity  and 
approaches  e = 1 at  velocities  below  0.05  cm/s.  However,  e is  very  dependent  on  the  surface 
properties  — the  roughness  of  the  surface  and  the  amount  and  thickness  of  surface  frost.  Generally, 
freshly  frosted  surfaces  have  a low  value  for  e initially;  repeated  collisions  that  compact  the  frost 
result  in  relatively  high  values  of  e.  Similarly,  we  have  found2  that  in  such  collisions  the  amount  of 
mass  transferred  per  collision  is  strongly  dependent  on  the  surface  properties;  however,  the  erosion 
as  a result  of  collision  is  extremely  slow  at  velocities  typical  of  the  velocities  in  Saturn’s  rings. 

Recently3  we  have  shown  that  the  sticking  forces  between  particles  in  low  velocity,  zero- 
impact-parameter  collisions,  can  be  quite  large  but  again  depend  on  the  characteristics  of  the  surface. 
At  low  temperatures,  100  - 140K,  frost  free  ice  particles  do  not  stick  at  velocities  down  to  0.005 
cm/s.  For  frosted  surfaces,  sticking  can  occur  at  velocities  as  high  as  0.1  cm/s.  The  measured 
sticking  force  depends  on  the  velocity  of  impact  the  thickness  of  the  frost,  and  on  the  amount  of 
compaction  from  previous  collisions.  For  low  velocity  collisions  (0.02  cm/s)  with  freshly  deposited 
frost,  the  sticking  force  is  small,  typically  less  than  5 dynes  for  a 2.5  cm  radius  sphere  on  a flat 
surface.  At  somewhat  higher  velocities  the  measured  sticking  force  is  much  larger.  This  suggests 
that  the  sticking  force  is  dependent  on  the  amount  of  interpenetration  of  the  two  frosted  surfaces.  At 
still  higher  velocities  of  impact  (1  cm/s),  the  frost  becomes  compacted,  the  sticking  force  is  zero,  and 
remains  very  small  in  subsequent  collisions.  At  lower  velocities,  compaction  is  slow  and  sticking 
occurs  for  many  collisions,  with  a slowly  decreasing  sticking  force. 

At  low  velocities,  when  sticking  occurs,  the  particle  oscillates  on  the  surface  for  a few  cycles, 
with  an  initial  amplitude  of  order  10  microns.  From  the  period  of  the  oscillations  an  estimate  of  an 
effective  spring  constant  can  be  calculated.  Once  sticking  occurs,  if  a small  force  is  applied  to  the 
ice  particle  the  displacement  of  the  ice  particle  changes  linearly  with  the  applied  force  until  the 
contact  breaks.  This  indicates  that  the  frost  layer  is  somewhat  fluid-like  and  it’s  thickness  varies  by 
10’s  of  microns. 

Preliminary  measurements  of  the  coefficient  of  restitution  for  water  ice  particles  coated  with 
CO2  frost  have  been  carried  out  at  low  temperatures  between  100  and  150K.  At  the  lower 
temperatures  e is  similar  to  that  measured  for  frosted  water  ice  particles.  However,  at  somewhat 
higher  temperatures  (140K),  e is  clearly  smaller  and  appears  to  decrease  more  rapidly  with  velocity 
than  for  similar  measurements  for  water  frost.  This  suggests  that  the  C02  frost  is  softer  above  140K. 
If  the  temperature  of  the  surface  of  ring  particles  approaches  140K  and  contains  appreciable  C02,  a 
lower  value  of  e is  expected.  Further  measurements  are  in  progress. 

In  each  of  the  investigations  described  briefly  above,  the  collisions  have  been  zero-impact- 
parameter  collisions.  How  might  the  results  change  in  glancing  collisions?  Is  the  coefficient  of 
restitution  smaller?  Does  sticking  occur  in  glancing  collisions?  To  address  such  problems  we  have 
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developed  a 2-D  pendulum  system  that  allows  glancing  collisions  (but  does  not  allow  rotations  of 
the  ice  particle).  Over  the  last  year,  the  pendulum  has  been  built,  the  new  electronics  to  measure  the 
ice  ball  position  in  both  x and  y directions  has  been  completed,  and  some  of  the  new  software  to 
control  the  experiment  has  been  developed.  The  pendulum  must  now  be  mounted  in  the  cryostat  and 
procedures  developed  for  balancing  the  pendulum  and  for  calibrating  the  position  sensors  at  low 
temperatures.  Measurements  at  glancing  angles  will  be  more  realistic  and  provide  better  estimates 
of  how  these  parameters  vary  with  impact  parameter. 
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Dynamics  and  Structure  of  Planetary  Rings 
Richard  G.  French 

Department  of  Astronomy,  Wellesley  College 

During  the  past  year,  the  Pi's  efforts  have  been  devoted  primarily  to  planning,  conduct- 
ing, and  analyzing  observations  of  the  July  3,  1990  Saturn  occultation  of  28  Sgr  obtained 
from  McDonald  Observatory  using  the  2.1m  and  2.7m  telescopes.  On  the  2.1m  telescope, 
a 4-channel  high  speed  aperture  photometer  was  used  with  U,  B,  V,  and  R filters,  along 
with  a fifth  channel  that  monitored  the  guide  star  intermittently  throughout  the  observations. 
Because  of  the  large  contribution  of  reflected  light  from  Saturn  and  its  rings,  and  ditter- 
ences  in  the  albedo  of  the  planet  and  rings  at  these  wavelengths,  color  correction  methods 
have  been  employed  to  extract  the  normalized  stellar  signal  from  the  data.  An  example  ot 
the  efficacy  of  this  technique  is  shown  in  Fig.  1 of  the  F ring  region.  The  central  and  bot- 
tom panels  show  data  from  red  and  blue  channels,  in  which  the  ring  is  concealed  by  atmo- 
spheric scintillation  and  by  seeing  variations.  The  top  panel  shows  the  occultation  light 
curve  reconstructed  by  combining  data  from  both  channels,  exploiting  the  red  color  ot  the 
scar  relative  to  the  rings.  The  F ring  is  now  clearly  visible,  near  point  780.  A refined  ver- 
sion of  this  technique  is  now  being  applied  to  the  entire  data  set. 

The  U.  of  Texas  IR  camera  (58  x 62  pixels,  at  a plate  scale  of  about  1 /px)  was  used  on 
the  2.7m  telescope  to  record  the  occultation  at  a central  wavelength  of  2. 1 Jim,  where  the 
signal  from  the  highly  reddened  star  could  be  discriminated  against  the  reflected  solar  signa 
from  the  planet  and  rings,  and  where  the  background  due  to  thermal  radiation  and  absorp- 
tion was  relatively  constant.  Observations  were  made  at  a rate  of  5 frames/sec  for  the  time 
intervals  5:52  - 7:51  UT  (spanning  the  ring  system  from  just  outside  the  F ring  to  the  at- 
mospheric immersion),  7:31  - 7:51  UT  (covering  the  expected  region  for  the  central  flash 
due  to  focussing  of  starlight  around  the  limb  of  the  oblate  planet),  and  8:18  9.34  U 1 

(including  atmospheric  emersion  and  the  ring  system  out  to  the  F ring). 

Photometric  reduction  of  the  nearly  40,000  individual  frames  is  well  underway.  As  an 
example  of  the  scientific  questions  that  can  be  addressed  by  these  observations,  we  can 
compare  the  wavelength-dependence  of  the  opacity  of  the  outer  C ring  (a  relatively  l°w  op- 
tical depth  region)  and  the  inner  B ring  (which  is  significantly  more  opaque).  Voyager  RSS 
and  UVS  occultation  observations  of  this  region  are  shown  in  Figure  2,  along  with  the  in- 
frared (K-band)  light  curve  of  the  28  Sgr  occultation  obtained  by  the  PI.  The  Voyager  ob- 
servations were  normalized,  converted  to  normal  optical  depth,  and  then  transformed  to  the 
predicted  intensity  for  the  occultation  geometry  of  the  28  Sgr  occultation. 

Figure  2(a)  shows  the  Voyager  RSS  observations,  scaled  to  correspond  to  the  28  Sgr 
geometry.  The  C ring  structure  is  clearly  shown,  but  because  of  the  grazing  incidence  angle 
and  the  high  optical  depth,  little  structure  can  be  seen  in  the  B ring.  Figure  2(b)  shows  the 
preliminary  28  Sgr  light  curve.  The  structure  in  the  C ring  corresponds  very  closely  with 
what  was  seen  in  the  predicted  RSS  curve,  but  there  is  additional  structure  revealed  in  the 
inner  B ring  as  well.  Figure  2(c)  shows  the  scaled  UVS  observations,  computed  assuming 
that  the  predicted  optical  depths  for  the  28  Sgr  occultation  should  be  multiplied  by  a factor 
of  two  to  correct  for  signal  losses  due  to  diffraction  for  the  far-field  Earth-based  observa- 
tions  Porco  and  Nicholson  {Icarus  72,  437,  1987)  showed  that  this  factor  of  two  resulted 
in  good  agreement  between  the  RSS  and  PPS  observations  of  the  outer  C ring  This  is 
confirmed  Figure  2(c),  where  the  scaled  C ring  structure  nicely  matches  the  RSS  and  28 
Sgr  observations.  However,  the  inner  B ring  structure  does  not  match  the  other  light 
curves  - scaling  the  optical  depth  by  a factor  of  two  in  this  region  predicts  much  more  ex- 
tinction than  is  actually  observed.  In  Figure  2(d),  the  scale  factor  applied  to  the  UVS- 
derived  normal  optical  depth  is  one,  instead  of  two.  As  expected,  the  derived  C ring ; profile 
is  more  transparent  than  the  actual  ground-based  data,  but  the  B ring  is  now  in  much  closer 
agreement. 
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From  this  comparison,  we  can  see  that  the  scattering  properties  of  the  inner  B ring  and 
outer  C ring  are  quite  different.  This  was  not  known  on  the  basis  of  Voyager  data  alone. 
Once  the  28  Sgr  data  have  been  properly  calibrated,  it  will  be  possible  to  investigate  a vari- 
ety of  plausible  explanations  for  this  difference.  If  this  is  due  to  a particle  size  effect,  it 
would  mean  that  the  B ring  has  a significantly  higher  population  of  micron-sized  particles 
than  the  C ring.  This  would  have  an  important  bearing  on  the  evolution  of  the  ring  system 
since  small  particles  have  very  short  lifetimes  against  destructive  processes  in  the  rings. 

Additional  work  in  progress  on  the  28  Sgr  observations  includes  analysis  of  the  central 
flash,  accounting  for  the  effects  of  signal  attenuation  by  passage  of  occulted  starlight 
through  the  ring  system.  Figure  3 shows  a comparison  of  the  predicted  intensity  of  the 
central  flash  scan  as  observed  from  McDonald  Observatory  ignoring  (thick  line)  and 
including  (thin  line)  the  effects  of  the  rings.  Atmospheric  occultations  have  also  been 
analyzed  to  determine  stratospheric  temperature  profiles,  and  a joint  astrometric  solution  for 
the  orbits  of  the  rings  and  the  direction  of  Saturn’s  pole  is  in  progress. 

We  have  also  completed  an  extensive  search  for  excited  normal  modes  in  the  Uranus 
ring  system  in  addition  to  the  well-known  m= 0 mode  in  the  y ring  and  the  m=2  mode  in  the 
o ring.  No  additional  normal  modes  have  been  found.  This  search  will  be  revisited  during 
July  1990,  by  which  time  we  expect  to  have  acquired  important  new  observations  of  the 
rings  by  observations  at  the  I RTF  of  the  brightest  stellar  occultation  in  several  years  by  this 
ring  system. 
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COMETS  AND  ASTEROIDS 
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EARTH-CROSSING  ASTEROIDS  UPDATE;  E.M.  Shoemaker,  C.S.  Shoemaker,  R.F.  Wolfe,  and  H.E. 
Holt,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001. 

The  year  1989  marked  a high  point  in  the  discovery  of  Earth-crossing  asteroids.  Fourteen  new  Earth 
crossers  were  found  during  the  year,  five  of  them  in  one  remarkable  dark-of-the-Moon  observing  period  in  late 
October  and  early  November.  These  new  discoveries  plus  an  Apollo  asteroid  discovered  in  January,  1990,  bring 
the  total  of  known  Earth  crossers  to  98,  including  9 Atens,  62  Apollos,  and  27  Earth-crossing  Amors.  Of  these 
asteroids,  59  have  precisely  determined  orbits  and  are  now  numbered,  10  are  lost,  and  most  of  the  remainder 
have  been  discovered  too  recently  to  have  been  observed  on  a second  apparition. 

Two  discoveries  in  1989  of  special  interest  were  1989  AC  and  1989  FC.  Found  on  January  4 by  J.-L. 
Heudier,  R.  Chemin,  A.  Maury,  and  C.  Pollas  at  Caussols,  France,  1989  AC  is  the  sixth  brightest  known  Earth 
crosser  (H  = 14.2).  It  was  followed  at  about  20  observatories  around  the  world.  An  early  preliminary  orbit 
permitted  C.S.  Shoemaker  to  find  and  measure  prediscovery  positions  from  films  taken  by  H.R.  Holt  and 
T A.  Rodriquez  at  Palomar  on  July  17,  1988.  This  increase  in  the  length  of  the  observed  arc  enabled  C.M. 
Bardwell  to  link  1989  AC  with  1934  CT,  which  was  observed  on  two  nights  in  February,  1934,  at  Uccle, 
Belgium.  Hence,  1989  AC  was  actually  the  second  Apollo  asteroid  to  be  observed  at  the  telescope. 

1989  FC  was  discovered  at  Palomar  by  H.E.  Holt  and  N.G.  Thomas  on  March  31,  1989,  eight  days  after 
it  had  passed  within  about  690,000  km  of  the  Earth.  This  is  the  closest  known  approach  of  any  asteroid  to 
Earth.  A campaign  of  observations  organized  by  E.  Bowell  of  Lowell  Observatory  resulted  in  a good 
preliminary  orbit  based  on  a 66-day  arc;  this  orbit  should  be  sufficient  to  permit  recovery  observations  of  1989 
FC  in  1990,  which  are  needed  to  assure  that  this  very  faint  object  will  not  be  lost.  At  H = 21.0,  1989  FC  and 
1988  TA  are  the  faintest  known  asteroids  with  relatively  accurate  orbits.  If  they  are  S-type  asteroids,  as  are 
the  majority  of  known  Earth  crossers,  they  are  about  200  m in  diameter. 

Our  estimate  of  the  population  of  Earth-crossing  asteroids  to  H=17.7,  based  on  discoveries  to  date,  is 
shown  in  Table  1. 


Table  1.  Earth -crossing  asteroids  discovered  through  February,  1990 


Number  discovered 

Percent 

Estimated 

Discovered 

Population 

Total 

H < 17.7 

H < 17.7 

H < 17.7 

Atens 

9 

5 

(5.8) 

90  ± 40 

Apollos 

62 

41 

5.8 

690  ± 300 

Earth-crossing  Amors 

27 

il 

X 131 

250  ± 130 

Total  Earth  crossers 

98 

61 

5.8 

1030  ± 470 

The  total  population  is  based  on  the  rate  of  discovery  of  Earth  crossers  with  the  46-cm  Schmidt  camera  at 
Palomar  Observatory,  and  the  proportions  of  Atens,  Apollos,  and  Earth-crossing  Amors  is  based  on  their 
proportions  among  the  discovered  objects.  Present  evidence  suggests  that  the  discovery  of  Earth-crossing 
asteroids  is  complete  at  H = 13.24,  the  magnitude  of  the  brightest  known  object.  For  Earth  crossers  fainter  than 
mag  15.8,  the  slope  of  the  magnitude-frequency  distribution  is  assumed  to  be  similar  to  that  of  main-belt 
asteroids  (cumulative  frequency  approximately  proportional  to  ^*92H),  as  shown  in  Fig.  1.  The  frequency 
evidently  drops  precipitously  for  objects  brighter  than  mag  15.8  (cumulative  frequency  roughly  proportional 
to  ^H). 

A check  on  the  inferred  magnitude-frequency  distribution  of  the  Earth-crossing  asteroids  is  provided  by 
the  frequency  with  which  Earth  crossers  have  been  accidently  rediscovered  (Table  2).  Nine  have  been 
rediscovered  or  recovered  without  deliberate  search.  The  probability  of  rediscovery  is  a strong  function  of 
absolute  magnitude.  Rediscovered  asteroids  are  all  brighter  than  H=  16.25;  most  are  mag  15  or  brighter.  The 
brightest  Earth  crosser,  (1627)  Ivar,  was  discovered  in  1929,  then  lost,  rediscovered  in  1957,  and  serendipitously 
recovered  in  1985  with  the  Palomar  46-cm  Schmidt.  Another  Earth-crossing  asteroid  as  bright  as  or  brighter 
than  Ivar  is  unlikely  to  have  escaped  detection.  Four  out  of  11  known  objects  in  the  magnitude  range  13.0- 
14.9  have  been  accidentally  rediscovered,  which  suggests  that  completeness  of  discovery  to  H = 14.9  is  about 
36%;  the  completeness  indicated  in  Fig.  1 is  36%.  Four  out  of  21  known  objects,  or  19%,  have  been 
rediscovered  in  the  magnitude  range  15.0-15.9.  This  may  be  compared  with  the  ratio  of  12%  for  the  number 
discovered  to  the  population  predicted  in  this  range.  Within  the  large  uncertainty  due  to  small  statistics  for 
rediscoveries,  the  two  ratios  are  similar.  One  object  out  of  29  (3.4%)  has  been  discovered  in  the  magnitude 
range  16.0-17.7,  as  compared  with  a rediscovery  rate  of  3.5%  predicted  from  Figure  1. 
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Table  2.  Rediscoveries  of  Earth-crossing  asteroids 


Range  of 
magnitude 

(Hi  H Fraction  rediscovered 


1627  Ivar 

13.24 

13.0-14.9 

4179  1989  AC 

14.2 

4/11 

(36%) 

3122  1981  ET3 

143 

4183  1959  LM 

14.6 

3573  1986  TO 

15.0 

15.0-15.9 

2201  Oijato 

15.56 

4/21 

(19%) 

1620  Geographos 

15.61 

1863  Antinous 

15.81 

16.0-17.7 

2100  Ra-Shalom 

16.21 

1/29 

(3%) 

Equivalent  diameters  in  kilometers  {corresponding  to  mean  albedos  for  S-type  and  C~type  asteroids) 


Figure  1.  Magnitude-frequency  distribution  of  Earth-crossing  asteroids 


We  have  updated  our  estimates  of  probabilities  of  collision  with  the  Earth  for  Earth-crossing  asteroids, 
using  the  equations  of  Shoemaker  et  al.  [1].  Where  we  were  unable  to  derive  the  collision  parameters  from 
secular  perturbation  theory,  we  used  the  equations  of  Opik  [2].  The  frequency  distribution  of  collision 
probabilities  is  strongly  skewed  (Fig.  2):  half  a dozen  asteroids  have  collision  probabilities  substantially 
exceeding  10* yr'1 . Mean  probability  of  collision  is  10.7  x lO^yr 1 for  Atens,  4.1  x K^yr1  for  Apollos,  and  1.4 
x lO^yr1  for  Earth-crossing  Amors.  The  grand  mean  probability  of  collision  obtained  for  all  categories  of 
Earth-crossing  asteroids  is  42  x KJ^yr'1 . The  uncertainty  in  this  estimate  probably  is  about  40%. 
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25 


Figure  2.  Frequency  distribution  of  probabilities  of  collision 
with  Earth  for  Earth-crossing  asteroids 


A correction  should  be  made  to  the  observed  distribution  of  collision  probabilities  to  account  for 
observational  selection  in  the  discovery  of  Earth-crossing  asteroids.  The  probablility  of  discovery  of  near- 
Earth  asteroids  is  proportional  to  their  dwell  time  in  the  Earth’s  neighborhood.  For  Earth  crossers,  the  dwell 
time  is  inversely  proportional  to  the  velocity  of  the  asteroid  relative  to  the  Earth  near  the  time  of  encounter. 
The  mean  collision  probability  obtained  by  weighting  the  observed  probabilities  by  the  encounter  velocities 
provides  an  accurate  correction  for  observational  selection.  The  corrected  mean  is  3.4  x 1<J  yr  , about  20% 
lower  than  the  observed  mean. 

Multiplying  the  corrected  mean  collision  probability  by  the  estimated  population  at  H = 17.7,  we  estimate 
the  present  rate  of  collision  for  Earth-crossing  asteroids  to  be  (3.5  ± 1.8)  x 1 06  yr 1 , about  10%  higher  than  that 
reported  by  Shoemaker  et  al.  [1].  The  colliding  flux  consists  of  about  70%  Apollos,  20%  Atens,  and  10% 
Amors.  Using  improved  data  on  the  proportion  of  S-  and  C-type  asteroids  and  the  rms  impact  speed,  weighted 
according  to  collision  probability,  of  17.9  km  s*1 , we  estimate  that  the  production  rate  of  asteroid  impact  craters 
larger  than  10  km  in  diameter  is  (1.4  ± 0.7)  x Iff14  km 2 yr1 , somewhat  lower  than  that  given  by  Shoemaker  et 
al.  [1]  and  Shoemaker  [3].  The  collision  rate  of  Earth  crossers  to  H = 15.8  (roughly  equivalent  to  S-type 
asteroids  with  diameters  greater  than  2 km)  is  about  6 x lO^yr’1 ; the  rate  to  H = 13  (asteroids  roughly  9 km  in 
diameter  and  larger)  is  about  3 x lfl9  yr"1 . 

References:  [l]Shoemaker,  E.M.,  Williams,  J.G.,  Helin,  E.F.,  and  Wolfe,  R.F.,  1979  jn  Gehrels,  T.,  ed.. 
Asteroids,  Tucson,  Univ.  Arizona  Press,  p.253-282.  [2]Opik,  E.M.,  1951,  Proc.  Roy.  Irish  Acad.  54A,  p.  165- 
199.  [3]Shoemaker,  E.M.,  1983,  Ann.  Rev.  Earth  Planet.  Sd.,  v.  11,  p.  461-494. 
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SOLAR  SYSTEM  DYNAMICS 

J.  G.  Wiliams  and  J.  Gibson,  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  Pasadena,  CA,  91109 

j_i~  This  report  will  discuss  two  efforts,  one  a study  of 
the  Alexandra  asteroid  family  and  the  other  the  measurement 
of  positions  of  comets  and  asteroids. 


Like  other  asteroid  families,  the  Alexandra  family 
presumably  originated  when  a parent  asteroid  suffered  a 
collision.  From  the  volume  of  the  known  fragments,  the 
diameter  of  the  parent  was  at  least  230  km.  One  of  the 
curiosities  about  this  family  is  that  most  (93%)  of  the 
volume  of  the  observed  fragments  remains  in  three  large 
pieces5  54  Alexandra  with  a diameter  of  171  km,  145  Adeona 
(155  km),  and  70  Panopaea  (127  km).  The  three  large 
pieces  are  roughly  aligned,  with  Alexandra  and  Panopaea 
at  opposite  end  of  the  family.  Somehow  these  two  large 
remnants  were  separated  at  several  hundred  meters/sec 
the  remainder  of  the  fragments  spilling  out  between  them, 
but  managed  to  survive  as  large  pieces.  While  normal 
asteroid  families  represent  events  from  modest  cratering 
events  to  total  destruction,  the  Alexandra  family  is  a 
case  of  considerable  violence  without  total  destruction 
The  most  curious  fact  about  the  family  is  that  Adeona, 
the  more  centrally  located  of  the  three  large  asteroids, 
is  in  a disk-like  distribution  of  asteroids.  This  disk 
is  seen  in  proper  element  space  and  it  implies  a disk-like 
distribution  in  velocity  space.  The  thickness  of  the  disk 
is  about  1/10  the  size  of  the  family.  About  half  of  the 

er\are  in  uhe  disk*  A11  of  the  family  members 
are  dark  except  one,-  the  three  large  objects  are  C class 

and  one  disk  member  is  a rare  T-class  object.  These  facts 
have  been  reported  (Williams,  1988). 
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Further  studies  of  the  family  during  the  past  year 
have  provided  further  knowledge.  Six  members  of  the  family 
have  measured  rotation  periods  and  the  periods,  in  hours, 
are  indicated  in  the  figure.  Two  of  the  periods  have  been 
provided  by  Harris  (private  communication,  1989);  the  others 
may  be  found  in  Lagerkvist  et  al.  (1989).  The  disk  is  seen 
edge  on  and  the  three  large  asteroids  are  marked  by  filled 
circles.  There  appears  to  be  a correlation  between  the 
rotation  period  and  the  position  in  the  family  with  the 
fastest  spinning  at  the  Alexandra  end  of  the  family  and 
the  slowest  spinning  at  the  Panopaea  end.  This  correlation 
makes  sense  since  the  strength  of  the  forces  and  their 
gradients  which  acted  on  the  fragments  at  the  time  of 
breakup  should  both  depend  on  the  distance  from  the  site 
of  impact.  The  fragments  should  rotate  away  from  the  site 
of  impact.  Laboratory  impact  experiments  have  seen  this 
clearly  (Fujiwara  and  Tsukamoto,  1981).  From  the  spin 
rates  and  speeds  of  separation  it  can  be  estimated  that 
only  1/10,000  of  the  kinetic  energy  went  into  spin  compared 
to  the  speeds. 

Other  facts  about  the  family  have  been  learned.  The 
size  distribution  of  small  fragments  (D<100  km)  was 
determined  from  numbered  asteroids  and  a faint  survey, 
allowing  for  completeness.  The  differential  number  versus 
diameter  has  an  exponent  of  -4,  steeper  than  the  belt. 

This  is  at  the  boundary  between  finite  and  infinite  total 
volume  if  extrapolated  to  zero  size  (the  distribution  must 
change  slope  at  some  small  size)  so  only  a 230  km  lower 
limit  can  be  set  for  the  diameter  of  the  parent  body. 

Larger  than  10  km,  200  Alexandra  family  members  are 
expected.  Taking  into  account  the  speeds  of  separation 
and  the  potentials  of  the  bodies  (using  an  assumed  density 
of  2.5  gm/cm3)  the  energy  density  was  4xl08  ergs/gm.  This 
does  not  include  the  work  which  went  into  breaking  up  the 
parent  body.  Normal  to  the  disk  the  rms  scatter  of  disk 
members  is  11  m/sec.  This  is  so  thin  that  eventually  it 
may  be  possible  to  detect  warping  of  the  disk  if  it  was 
formed  in  the  gravity  field  of  either  Adeona  or  the  parent 
body.  Both  the  Alexandra  family  and  its  disk  remain  an 
enigma.  The  disk  probably  did  not  arise  from  rotational 
breakup  because  the  spin  periods  are  too  slow.  Neither 
does  material  orbiting  the  parent  body  seem  likely  because 
the  speeds  are  too  high.  It  may  have  originated  from 
the  geometry  of  the  breakup,  but  this  is  not  clear  at  all. 
The  Alexandra  family  and  its  unique  disk  deserve  further 
study. 
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During  the  past  year  positions  of  11  planet  crossing 
asteroids  and  12  comets  were  reported.  Included  were 
positions  for  10  comet  recoveries  and  several  asteroid 
recoveries.  Positions  of  a 2:1  librating  asteroid  were 
also  reported. 

References 

Fujiwara,  A.  and  A.  Tsukamoto,  Rotation  of  fragments  in 
catastrophic  impact,  Icarus,  48,  329-334,  1981. 

Lagerkvist,  C.-I.,  et  al..  Asteroid  lightcurve  parameters, 
in  Asteroids  II  (eds.  Binzel,  Gehrels,  and  Matthews ) , Univ. 
Arizona  Press,  1162-1179,  1989. 

Williams,  J.  G. , The  unusual  Alexandra  family.  Lunar  and 
Planetary  Science  XIX,  1277-1278,  1988. 


108 


UNDERSTANDING  ASTEROID  COLLISION!!  HISTORY 
THROUGH  EXPERIMENTS  AND  NUMERICAL  STUDIES 


Donald  R.  Davis  and  Eileen  V.  Ryan, 

Planetary  Science  Institute,  2421  E.  6th  St.,  Tucson,  Arizona  85719  U.S.A. 

The  overall  goal  of  this  program  is  to  better  understand  solar  system 
history  through  interpretation  of  the  observed  size  and  spin  distributions  of 
asteroids,  along  with  other  constraints.  A wealth  of  new  data  has  accumulated 
on  asteroids  in  the  past  two  decades:  sizes  and  rotation  rates  for  different 

sized  asteroids  now  exist  not  only  for  the  entire  population  but  also  for  the 
major  taxonomic  types  of  asteroids  (Gradie  et  al.  1989;  Binzel  et  al.  1989). 
New  studies  of  dynamical  families  (Zappala,  et  al.  1990)  continue  to  refine 
our  knowledge  of  the  number  and  membership  of  these  groupings.  Asteroids  of 
the  M and  A taxonomic  classes  are  widely  believed  to  be  produced  by  large 
scale  asteroid  collisions,  yet  other  bodies-- Vesta  in  particular-- seem  to 
demand  that  collisions  have  not  even  significantly  punctured  a thin  basaltic 
veneer  on  their  surface.  A fuller  understanding  of  the  asteroid  complex  (as 
with  most  other  solar  system  bodies)  will  spring  from  integrating  observations 
and  data  from  many  different  disciplines  into  a coherent  paradigm.  For 
example,  studies  of  the  collisional  evolution  of  asteroid  sizes  alone  tells  us 
little  about  the  primordial  asteroid  population  since  many  hypothetical 
initial  populations  collisionally  relax  to  the  present  population  (Chapman  and 
Davis  1975;  Davis  et  al.  1985).  Only  by  invoking  other  constraints,  such  as 
the  collisional  evolution  of  asteroid  spin  rates,  the  preservation  of  Vesta’s 
basaltic  crust,  the  formation  of  dynamical  families,  and  observed  crater 
populations  in  the  inner  solar  system,  we  can  better  reconstruct  the  asteroid 
population  in  the  early  solar  system.  Ve  have  developed  a computer  model  for 
studying  asteroid  collisional  evolution  f Davis  et  al.  1985)  and  much  of  our 
recent  work  consisted  of  modification  ana  application  of  tnis  code,  along  with 
carryout  of  experiments  and  developing  scaling  laws. 

As  noted  above,  understanding  asteroid  collisional  history  requires 
linking  many  observational  clues  into  an  integrated  model.  Spurred  by  this 
realization,  we,  in  association  with  colleagues  in  Italy  have  developed  a 
numerical  code  that  models  the  collisional  evolution  of  both  sizes  and  spins 
of  the  asteroid  population.  Our  initial  results  reported  at  the  Asteroids  II 
meeting  in  March,  1988  reported  on  the  changes  in  asteroid  spin  rates  produced 
by  large,  disruptive  collisions  and  by  smaller  cratering  impacts. 

However,  for  one  important  type  of  collisional  outcome  there  existed  no 
available  model  for  calculating  spin  rates.  This  is  a collision  that  shatters 
and  partially  disperses  the  fragments,  leading  to  the  formation  of  a "rubble 
pile"  structure.  To  correct  this  deficiency,  we  modified  the  semiempirical 
model  of  Paolicchi  et  al.  (1989)  to  calculate  the  spin  rate  of  a partially 
reaccumulated  "rubble  pile."  Tnis  model  shows  that  there  is  a preferential 
loss  of  high  angular  momentum  material  in  the  direction  of  rotation,  which  we 
term  the  angular  momentum  "splash"  effect  somewhat  analogous  to  the  angular 
momentum  drain  for  cratering  impacts  (Dobrovolskis  and  Burns  1984) . This 
effect  slows  down  asteroids  in  the  size  range  where  rubble  piles  are  most 
common,  thus  offering  an  explanation  for  the  fact  that  asteroids  in  this  size 
range  are  observed  to  be  rotating  most  slowly. 
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Incorporating  this  effect  into  our  spin  evolution  model  gives  a 
comprehensive  algorithm  for  calculating  the  spin  rate  changes  for  asteroids  of 
all  sizes.  In  order  to  understand  the  effects  of  the  five  important 
parameters  of  the  model  on  the  changes  to  both  asteroid  sizes  and  spins,  ve 
carried  out  a systematic  exploration  of  parameter  space.  All  cases  starting 
with  the  same  initial  population  and  all  bodies  were  rotating  with  an 
eight- hour  period  initially.  Results  of  this  analysis  are: 

• Asteroid  spins  have  been  affected  considerably  by  collisions  over  solar 
system  history,  except  perhaps  for  the  largest  asteroids. 

• There  is  a large  coupling  between  the  change  in  asteroid  sizes  and 
rotational  changes  for  most  choices  of  the  model  parameters. 

• The  observed  spindown  at  asteroid  sizes  of  ~100  km  likely  results  from 
the  angular  momentum  "splash"  effect  (Cellino  et  al.  1990). 

• Small  asteroids  are  spinning  slower  than  predicted  from  laboratory 
experiments  and  theoretical  consideration.  Whether  or  not  this  is 
related  to  the  bifurcated  nature  of  many  small  asteroids  as  revealed  by 
recent  studies  (Ostro,  1989)  remains  to  be  determined. 

Ve  also  developed  and  published  a collision  interpretation  of  the  size 
distribution  of  asteroid  taxonomic  types.  New  work  on  the  size  distribution 
of  the  major  taxonomic  types  of  asteroids  (Gradie  et  al.  1989)  has  revealed 
several  different  forms:  The  numerous  C asteroids  show  a non- power  law 

distribution,  characterized  by  a relative  peak  on  the  size  frequency 
distribution  around  100  km  diameter,  while  the  S and  V types  show  near- power 
law  distribution.  The  P asteroids  show  a gentle  curvature  to  the  size 
distribution,  with  a decreasing  slope  with  decreasing  size.  Ve  developed  and 
published  an  interpretation  of  these  asteroid  size  distributions  from  the 
perspective  that  they  are  the  products  of  collisional  evolution  and  that  these 
distributions  tell  us  about  the  dynamic  strengths  characterizing  the  different 
taxonomic  types  of  asteroids.  This  paper  also  predicted  that  the  P asteroids 
would  show  a size  distribution  similar  to  that  of  the  C types  when  further 
data  are  available  on  small  P asteroids. 

Ve  carried  out  experiments  at  the  Ames  Gun  Range  designed  to  study 
collisional  disruption  of  "rubble  pile"  structures  and  energy  partitioning  in 
disruption  impacts.  The  motivation  for  using  artificially  constructed 
aggregates  as  targets  is  to  simulate  early  solar  system  planetesimals, 
gravitationally- bound  asteroid  "rubble  piles,"  and  perhaps  even  comets.  For 
the  May  1989  AVGR  run,  two  types  of  aggregate  targets  were  used  in  18  impact 
experiments.  The  first  type  consisted  of  weakly  bonded  gravel  of  a relatively 
restricted  particle  size.  The  second  type  is  created  by  gluing  together 
fragments  from  previously  shattered  cement- mortar  targets  (Davis  and  Ryan, 
1990).  The  basic  structure  of  these  two  types  of  aggregates  is  the  same: 
strong  constituent  particles  weakly  bonded  together. 

Surprisingly,  we  found  that  these  weak  bodies  behaved  collisionally  as  if 
they  were  about  as  strong  as  basalts.  This  held  true  for  the  preshattered 
targets  even  after  twice  repeated  impacts.  Disruption  of  the  glued- gravel 
aggregates  resulted  in  many  large  fragments,  much  larger  than  the  size  of  the 
constituent  grains.  The  size  distributions  showed  the  expected  two- slope 
power- law  behavior,  but  they  were  slightly  more  discontinuous  and  irregular 
for  the  glued- gravel  aggregates. 

Finally,  we  collaborated  on  modifying  and  testing  a two-dimensional 
numerical  hydrocode  model  for  studying  large  scale  collisional  outcomes.  A 
numerical  routine  for  simulating  two- body  collisions  based  on  the  Los  Alamos 
two-dimensional  hydrocode  2-D  SALE  (Amsden  et  al.  1980)  was  modified  by  E. 

Ryan  in  collaboration  with  H.  J.  Melosh  and  E.  Asphaug  to  include  material 
strength  effects.  Grady  and  Kipp’s  (1980)  equations  for  time- dependent 
fragmentation  resulting  from  tensile  stress  in  one  dimension  were  adapted  for 
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the  2-D  code.  Output  from  this  code  includes  a complete  fragmentation  summary 
for  each  cell  of  the  modeled  target:  fragment  size  distributions,  vector 

velocities  of  particles,  peak  values  of  pressure  and  tensile  stress,  and  peak 
strain  rates  associated  with  fragmentation. 

The  first  step  in  validating  the  new  2-D  model  was  to  compare  it  to  the 
1-D  numerical  results  of  Melosh  (1987).  As  a test  we  injected  a uniform 
compressive  pulse  into  the  bottom  of  a 300  m.  x 1 m.  rectangle  of  material 
(anorthositic  basalt).  Such  a pulse  corresponds  to  the  Grady- Kipp  model’s 
implicit  assumption  of  uniform  strain- rate.  The  2-D  code  results  matched  the 
1-D  predictions  of  Melosh  (1987).  In  addition,  when  we  used  a cylindrical 
projectile  impacting  a spherical  target,  we  accurately  reproduced  analytical 
solutions  of  Grady  and  Kipp  for  maximum  tensile  stress  versus  strain- rate,  and 
fragment  size  versus  strain- rate.  The  fragment  size  distributions  displayed 
the  characteristic  two- slope  power  law  behavior  commonly  seen  in  laboratory 
impact  experiments. 

The  next  step  was  to  use  the  2-D  code  with  the  initial  conditions  and 
parameters  (energy,  momentum)  necessary  to  simulate  a laboratory  impact.  A 
convenient  experiment  was  a basalt- basalt  collision  done  by  V.  K.  Hartmann  at 
the  AVGR  (1979,  unpublished)  where  we  knew  the  specifics  of  projectile/target 
mass,  density,  impact  velocity,  etc.  The  code  was  started  with  the  same 
collisional  energy  and  momentum  as  the  3 cm.  cylindrical  projectile  impacting 
at  ~250  m/sec  the  3 cm.  basalt  target  in  the  laboratory.  The  figure  below 
shows  the  cumulative  fragment  size  (mass)  distribution  predicted  by  the  code 
in  comparison  to  the  actual  laboratory  results. 
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No  other  model  has  come  this 
close  to  predicting  fragment 
size  distributions,  and  with 
minor  adjustments  we  expect 
the  correlation  to  be  greatly 
improved.  This,  of  course, 
was  an  initial  trial  and  we 
will  compare  the  code  with 
numerous  impact  experiments 
and  target  materials  and 
continue  refining  the 
algorithm  accordingly. 
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INVESTIGATION  OF  THE  TROJAN  ASTEROIDS;  C.S.  Shoemaker,  E.M.  Shoemaker,  and  R.F. 
Wolfe,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001 

Our  serendipitous  discovery  in  1984  of  the  high-inclination,  bright  L5  Trojan  3317  Paris  (diameter  127 
± 8 km)  led  us  to  the  realization  that  the  dispersion  of  orbital  inclinations  of  Trojan  asteroids  is  greater  than 
had  been  recognized  and  that  a significant  number  of  Trojans  bright  enough  to  be  observed  with  the  Palomar 
46-cm  Schmidt  remain  to  be  discovered  [1],  By  slightly  modifying  our  ongoing  Palomar  asteroid  and  comet 
survey,  we  could  search  most  of  the  L A and  L5  libration  regions  when  these  regions  are  favorably  located  in 
the  sky.  Accordingly,  we  initiated  a search  of  the  L4  region  in  the  fall  of  1985  [2].  The  availability  in  1987  of 
Kodak’s  high-resolution  technical  pan  emulsion  on  a stiff  base  (film  4415)  improved  the  threshold  of  detection 
for  asteroids  by  a full  magnitude  and  thereby  increased  the  number  of  Trojans  accessible  to  the  46-cm  Schmidt 
by  a factor  of  about  2.5.  Renewed  work  was  begun  on  the  L4  region  in  1988,  and  an  intensive  examination 
of  the  L5  region  was  made  in  the  fall  of  that  year.  We  are  continuing  the  survey  for  bright  Trojans  with  the 
goal  of  finding  all  Trojans  brighter  than  H = 10.25  and  of  obtaining  precise,  multiple-opposition  orbits  for  all 
known  bright  Trojans.  Concurrently,  surveys  for  faint  Trojans  are  being  carried  out  by  L.M.  French,  S J.  Bus, 
and  E.  Bowell,  using  the  Cerro  Tololo  61  cm  Schmidt  and  by  E.  Bowell  and  K.  Russell,  using  the  U.K. 
1.2-m  Schmidt  [3]. 

To  date,  53  Trojans  have  been  found  with  the  46-cm  Schmidt  (Table  1).  In  11  cases,  previously  known 
Trojans  with  short-arc  orbits  were  rediscovered;  multiple  opposition  orbits  were  thus  obtained.  Five  Trojans 
found  independently  at  Palomar  were  discovered  nearly  simultaneously  at  other  observatories.  Our  new 
discoveries  have  increased  the  number  of  known  L5  Trojans  brighter  than  H = 10.25  by  about  60%. 

A question  of  considerable  interest  has  been  the  relative  sizes  of  the  populations  of  the  L4  and  L5 
swarms.  Degewij  and  van  Houten  [4]  suggested  that  L4  Trojans  are  about  3.5  times  more  numerous  than  L5 
Trojans.  The  magnitude-frequency  distribution  of  all  discovered  L5  Trojans  brighter  than  B(1,0)  = 11.25  (H 
< 10.25)  is  shown  in  Fig.  1.  From  our  survey  of  the  L5  region,  we  conclude  that  discovery  is  probably  now 
complete  to  B(1,0)  » 10,  the  approximate  magnitude  of  the  brightest  object  that  we  found  in  1988.  At  this 
magnitude,  the  cumulative  numbers  of  objects  in  the  L4  and  L5  swarms  are  nearly  the  same.  At  fainter 
magnitudes,  we  suggest  that  the  magnitude-frequency  distribution  of  the  L5  population  follows  the  dotted  line 
shown  in  Fig  1,  which  has  been  drawn  parallel  with  the  distributions  estimated  for  L4  [1]  and  which  extends 
from  the  observed  frequency  at  B(l,0)  = 10.  Although  we  have  found  roughly  equal  numbers  of  new  L4  and 
L5  Trojans,  the  mean  magnitude  of  our  L4  Trojans  is  about  0.2  mag  brighter  than  that  of  our  L5’s.  This 
difference  is  the  consequence  of  exceptionally  good  observing  conditions  in  the  fall  of  1988.  It  is  dear  that  L5 
Trojans  are  less  numerous  than  L4’s  at  magnitudes  fainter  than  B(  1,0)  « 10.25,  but  the  difference  is  only  about 
30%,  at  least  for  Trojans  brighter  than  B(1,0)  = 11.25.  Our  suggested  curve  for  the  L5  population  is  close  to 
that  estimated  by  van  Houten  et  al.  [5]  for  L4.  By  extrapolation,  we  infer  that  there  are  about  100  L5  Trojans 
brighter  than  B(1,0)  = 12. 

The  mean  inclination  of  the  Trojans  found  with  the  46-cm  Schmidt  is  17.2  degrees  in  the  L4  swarm 
and  16.1  degrees  in  L5.  These  values  are  slightly  less  than  that  of  the  total  Trojan  population  (17.7  degrees) 
estimated  by  Shoemaker  et  al.  [1]  probably  because  of  lack  of  coverage  of  the  libration  regions  at  high  southern 
ecliptic  latitudes. 

Since  mid  1988,  the  total  number  of  known  Trojans  has  increased  from  157  to  257;  141  are  in  the  L4 
swarm  and  116  in  L5.  This  increase  is  due  chiefly  to  new  discoveries  with  the  Palomar  46-cm  Schmidt  and  with 
the  Cerro  Tololo  61-cm  Schmidt.  Altogether,  61  Trojans  are  now  numbered,  and  multiple  opposition  orbits 
have  been  obtained  for  121  Trojans,  54  in  the  L4  swarm  and  67  in  L5.  Two-month-arc  orbits  are  available  for 
an  additional  19  Trojans.  The  large  increase  in  multiple  opposition  orbits  available  for  L5  Trojans  has  made 
possible,  for  the  first  time,  a successful  search  of  the  L5  swarm  for  dynamical  pairs  and  groups  of  possible 
collisional  origin.  We  calculated  proper  elements  by  analytical  methods  presented  in  [1]  for  67  multiple 
opposition  orbits  and  11  two-month  arc  orbits  of  L5  Trojans.  Libration  amplitude  (D),  proper  eccentricity  (e^  ), 
and  proper  inclination  (L)  obtained  by  analytical  methods  are  closely  similar  to  the  same  proper  elements 
obtained  by  Bien  and  Schubert  by  numerical  integration  for  21  numbered  L5  Trojans  [6].  Ten  fairly  closely 
matched  dynamical  pairs,  one  dynamical  group  of  three  Trojans,  and  three  somewhat  tentative  pairs  were  found 
(Table  2).  Calculated  velocities  of  separation  for  all  recognized  pairs  and  within  the  group  of  three  are 
comparable  with  separation  velocities  between  members  of  main  asteroid  belt  families.  The  most  closely 
matched  pair  includes  the  numbered  Trojan  2241  and  1988  TUI,  a fairly  bright  Trojan  discovered  with  the 
Palomar  46-cm  Schmidt. 
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Table  1.  Trojans  discovered  with  the  Palomar  46-cm  Schmidt 


H Epoch 


Peri.  Node  Incl. 


Arc  0 Source 


14  Trojans 

3596  Her i ones* 

3709  Polypoites 

3793  leonteus 

3794  Sthenelos 
4007  Euryalos* 

4068  Henestheus* 
1973  SQ1*  (89  A02) 
1973  SW1*  (89  CJ2) 

1985  TG3 

1986  TR6*  (89  EY4) 
1986  TS6*  (89  BX) 
1988  AK  * (89  AQ1 ) 
1988  BUI 

1988  BXl 

1988  BY1 

1989  AU1* 

1989  AL2 

1989  AM2  = 75XX3 
1989  AN2 
1989  AV2 
1989  BL  * 

1989  BU 
1989  BB1 
1989  CXI 

1989  C01  = 77AP1 
1989  CH2 

1989  CK2 

1990  DK 


9.5  851114  12.54  66.27  355.97  23.58 

9.8  808277  38.21  246.97  186.48  19.61 

8.8  880827  14.69  261.46  199.81  20.96 

9.9  880827  94.08  34.29  342.62  6.07 

10.0  891001  56.98  78.99  6.08  11.02 

9.5  891001  0.66  312.65  177.29  17.48 

10.0  891001  160.37  127.22  212.60  6.16 

10.5  891001  17.50  103.10  29.19  10.61 

10.0  880827  66.58  86.05  307.96  11.72 

10.0  891001  73.69  149.80  277.32  12.01 

10.0  891001  77.70  73.84  347.22  11.01 

9.0  891001  46.74  6.62  86.11  22.12 

10.0  880209  209.73  206.54  58.39  21.90 

9.5  880827  63.54  344.87  77.50  31.50 

10.0  880827  66.51  9.64  43.36  21.53 

10.0  890114  356.49  231.81  247.53  5.86 

9.5  890203  104.40  278.71  100.96  34.55 

9.5  891001  73.47  350.58  75.40  28.43 

10.0  890203  37.48  274.06  169.72  9.07 

10.0  890203  62.16  123.02  285.14  19.08 

10.5  891001  39.00  29.20  77.62  8.53 

9.5  890203  55.23  355.00  70.51  17.48 

10.5  901105  279.41  193.45  66.77  15.92 

9.5  890203  15.07  33.50  81.36  19.45 

10.0  891001  87.76  85.36  324.71  14.74 

10.0  890203  14.56  0.39  115.75  29.83 

10.0  890203  43.00  341.14  102.09  20.26 

10.5  900129  33.08  228.68  253.50  7.45 


0.0753  5.1249  MPC11835 

0.0636  5.2648  MPC14165 

0.0922  5.1667  MPC12956 

0.1458  5.1887  HPC12956 

0.0582  5.1486  NPC14326 

0.0791  5.2571  16yr  18  MPC 14598 

0.0251  5.1584  16yr  8 MPC14343 

0.0380  5.1226  16yr  13  MPC14942 

0.0516  5.2622  2yr  10  MPC12786 

0.0523  5.1055  3yr  15  HPC15067 

0.0759  5.2262  3yr  13  HPC14351 

0.0636  5.3092  9yr  12  MPC14354 

0.0471  5.2683  57  8 HPC13034 

0.0662  5.2637  83  12  MPC13171 

0.1345  5.2244  81  10  MPC13171 

0.0871  5.2954  40  10  MPC14461 

0.0850  5.2522  59  4 MPC14461 

0.1362  5.2447  14yr  11  MPC14954 

0.0451  5.2189  58  6 HPC14906 

0.0942  5.2798  56  6 MPC14749 

0.1047  5.2329  38yr  20  HPC14358 

0.1504  5.2053  58  5 MPC14461 

0.0758  5.1895  llmo  6 Bardwell 

0.0110  5.1514  56  6 MPC14906 

0.0954  5.0842  12yr  7 MPC14794 

0.0280  5.2112  56  6 MPC14906 

0.0875  5.2018  57  6 MPC14906 

0.0509  5.1387  27  4 Bardwell 
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(88  RX) 

10.5 

851201  348.28  147.42 
891001  9.52  157.98 
901105  40.00  64.39 
891001  304.15  164.16 
901105  350.95  168.10 
880827  15.94  92.03 
880827  347.55  157.19 
901105  32.66  102.96 
880827  214.00  129.80 
880916  16.18  18.52 
880916  6.76  337.89 
881006  28.89  161.46 
881006  16.12  283.04 
901105  65.89  122.59 
901105  167.75  90.36 
881026  29.78  169.98 
881006  23.12  206.35 
881006  45.92  22.02 
901105  82.61  93.03 
901105  160.04  275.87 
891001  16.77  110.14 
880827  23.07  338.94 
880827  328.83  313.91 
891001  32.22  204.05 
880827  23.43  170.96 


•rediscovered  or  independently  discovered 


135.33 

219.50 

309.55 
260.74 
241 .35 
222.21 

209.16 

280.43 
352.30 
316.20 

1.54 

159.17 
61.43 

221 .43 
155.37 

171.55 
134.62 
295.19 
252.69 

334.51 
241.83 
337.08 

64.39 

154.75 

140.53 


27.90 

7.96 
7.11 

25.91 
7.70 

29.67 

15.59 

6.97 
14.85 

15.88 

22.38 
23.81 

9.34 

8.63 

10.88 
10.79 
19.09 

24.97 

25.59 
27.15 

15.68 
6.56 
8.81 

12.38 
12.76 


0.1260  5.1924  MPC10036 

0.0995  5.2395  MPC15694 

0.1241  5.1668  llmo  24  MPC16027 

0.0460  5.2092  85  8 MPC14952 

0.0461  5.1436  llmo  9 MPC16028 

0.0743  5.1480  26  5 MPC13674 

0.0941  5.1909  12  8 MPC13843 

0.0603  5.3013  lyr  11  MPC16028 

0.0409  5.2183  53  6 Bardwell 

0.1101  5.2057  32  10  MPC13674 

0.1199  5.1134  28  4 HPC14156 

0.0636  5.2850  59  6 MPC14156 

0.0924  5.2588  58  7 MPC14157 

0.0494  5.1021  llmo  12  MPC16028 

0.1058  5.2969  14mo  7 HPC15893 

0.0529  5.2101  36  6 MPC14595 

0.1432  5.2068  52  6 MPC14157 

0.1117  5.2794  53  6 Bardwell 

0.0220  5.1437  34yr  14  MPC15892 

0.0161  5.1666  14mo  10  MPC15895 

0.0107  5.2885  64  7 MPC15757 

0.1493  5.1576  llyr  16  HPC13688 

0.1131  5.2270  llyr  19  HPC14028 

0.0112  5.1288  llyr  18  HPC14206 

0.1308  5.2367  llyr  10  MPC14029 
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Rgfgrgncw;  [1J  Shoemaker,  E.M.,  Shoemaker,  C.S., 
and  Wolfe,  R.F.,  1989,  jn  Binzel,  R.P.,  Gehrels,  T., 
and  Matthews,  M.S.,  eds.,  Asteroids  II,  Tucson,  Univ. 
Arizona  Press,  p.  487-524.  [2]Shoemaker,  C.S.,  and 
Shoemaker,  E.M.,  1988,  Lunar  and  Planet.  Sci.  19,  p. 
1077-1078.  [3]  French,  L.M.,  Vilas,  F.,  Hartmann, 
W.K.,  and  Tholen,  DJ.,  1989,  jn  Binzel,  R.P.,  Gehrels, 
T.,  and  Matthews,  M.S.,  eds.,  Asteroids  II,  Tucson, 
Univ.  Arizona  Press,  p.  468-486.  [4]  Degewij,  J.,  and 
van  Houten,  CJ.,  1979,  jn  Gehrels,  T.,  ed.,  Asteroids, 
Tucson,  Univ.  Arizona  Press,  p.  417-435.  [5]  van 
Houten,  CJ.,  van  Houten-Groeneveld,  I.,  and 
Gehrels,  T.,  1970,  Astron.  Jour.,  v.  75,  p.  659-662.(6] 
Bien,  R.,  and  Schubert,  J.,  1987,  Astron.  Astrophys., 
v.  175,  p.  292-298. 


Fig.l  Cumulative  frequency  distributions 
of  L4  and  L5  Trojans 


Table  2.  Candidate  collisional  pairs  or  groups  in  the  L5  Troj 
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New  Families  Containing  Faint  Asteroids 

R.F.  Wolfe,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001 

; .lj-  renturv  manv  and  often  conflicting  divisions  of  asteroids  into  families  have  been  advanced 
Since  earlym  t^  mMyand^otte^co  ^ Southworth>  1971;  williams,  1979,  1989).  -Hie 

presentTtudy  extends  the  work  of  J.  G.  Williams.  Williams  has  linked  asteroids  into  more  than  100  fanuhes 
Ling  his  proper  elements,  for  about  the  first  2100  numbered  asteroids  and  for  Palomar-Leiden  Survey  (PLS) 

asteroids  with  one- month-arc  orbits  (Wilhftins  and  Hicrath,  1987).  . - « 

The  original  impetus  for  the  present  study  was  to  determine  family  membership  of  faint  asteroids  discovered 
bv  SI  Bi!Tin  1981  during  the  United  Kingdom-Caltech  Asteroid  Survey  (UCAS).  This  survey  led  to  the 
determinatTon  of  relativTpredse  orbits  for  about  1200  new  faint  asteroids.  It  was  expected  that  examination 
of  such  a population  of  faint  asteroids  for  family  membership  would  shed  considerable  light  on  relative  ages  o 

SrKSeen  Replaced  for  aboo.  6000  «e: voids  Tho  availability  of  this 
larce  mimber’of  precise  orbits  makes  it  possible  to  recognize  and  to  study  details  of  family  structure  more 
readilv  than  ever  before  Using  osculating  orbital  elements  from  B.  G.  Marsden  of  the  Minor  Planet  Center  or 
numbered  asteroids  through  number  4060  and  for  all  multiple-opposition  unnumbered  objects,  I calculated 
proper  elements  by  the  mShod  of  Williams  (1969).  In  addition,  I calculated  proper  elements  from  osculating 
elements  of  the  UCAS  asteroids.  After  removing  all  asteroids  falling  within  Williams  family  boundaries  in  semi- 
major  axis,  eccentricity,  and  inclination,  I combined  the  remainder  with  all  other  non-famdy  members  for  w^*c 
proper^Sments  had  been  calculated.  From  this  sample  using  both  graphic  and  computer 
found  over  30  new  candidate  families  . Some  of  these  families  consist  solely  of  faint  PLS  and  UCAS  asteroids. 

Tahlp  1 lists  nrooer  elements  of  some  of  these  new  families.  . , 

The  formation  of  a family  in  the  asteroid  belt  by  impact  is  the  equivalent  of  theformationofan  impact 
crater  on  a planet  Each  family  is  the  result  of  a discrete  unpact  event.  CoUision  of  a small  asteroid  with  a 
larger  asteroid  commonly  disrupts  the  larger  object  completely;  a number  of  smallw  bodies  are  moderate  y 
disLrsed  in  orbital  element  phase  space  by  the  impulses  acquired  during  the  impact.  The  distribution  of  family 
SbSs  Z proper  element  phase  space  is  illustrated  for  two  families  in  Fig.  L Relative  sizes  of  the  asteroids 
shown  are  basedon  infrared  diameters,  where  available,  and  otherwise  on  absolute  magnitudes  and  assumptions 
about  the  average  albedo  of  the  family.  The  Astraea  Family  illustrates  the  results  of  a cratering  event  without 
^al^hiSLti^  of  the  parent  Since  all  the  family  members  except  No.  5 Astraea,  are  typ.caUy  a few 
kilometers  in  diameter,  this  family  probably  represents  a relatively  young  (post  heavy  bombardmentj  impact 
evenT  ln  oWerSes,  such  smil  members  may  be  expected  to  have  been  destroyed  by  further  collisions 
^e  Tiflis  FaiS  (Fig.  1)  is  a group  of  Mars  crossers.  (753)  Tiflis  itself  is  a shadow  Mars-crossmg  asteroid 
with  a crossing  depth  of  -.015  (Table  1).  From  impulses  acquiredm  the  collisional  breakup  of  the  paren^most 
of  the  smaller  fragments  have  become  deeper  Mars  crossers.  Then  orbital  elements,  as  would  be  expe  d, 
appear  to  have  been  further  dispersed  by  Mars  encounter.  Thus,  there  is  a greater  spread  m proper  elements, 
iSSirilStion,  than  in  non-plaiet-aossing  families.  The  fact  that  we  can  stdl  recognize  tlus  famdy 
indicates  that  it  must  be  fairly  young,  because  encounter  with  Mars  should  lead  to  still  larger  dispersion  o 
orbital  elements  in  a period  of  on  the  order  of  a few  hundred  million  years. 

Asteroids  such  as  Tiflis,  which  just  graze  the  orbit  of  Mars,  are  an  important  source  of  deep  Mars  crosse  s. 
Most  of  these  very  shallow  Mars  crossers  are  found  in  a relatively  stable  region  of  proper-element  space  remote 
“<£  raoSLts  They  havo  v«y  long  djmamical  lifetimes,  and  they  ma,  have  occupmd  Mow  crasmg «btt 
from  the  lime  oi  heavy  bombardment.  Collisions  with  these  shallowoossmg  aslermds  probably  are  a aptfaj 
source  not  only  of  deeper  Mars  crossers  but  also  of  Earth-crossing  asteroids,  as  further  Mars  encounters  can 
Sliver  asteroids  to  Earth-crossing  orbits.  In  the  Tiflis  famdy,  we  see  evidence  for  the  first  stages  of  injection 
of  collision  fragments  into  deeper  crossing  orbits. 

References-  Arnold,  J.  (1969)  Astron  J.  74,  1235-1242;  Brouwer,  D.  (1951)  Astron.  J.  56,  9-32;  Hirayama,  K. 
(1928)  Jap  J Astron.  Geophys.  5,  137-162;  Linblad,  BA.,  and  Southworth,  R.B.  (1971)  JS  Physical  Studies  of 
Minor  Planets,  T.  Gehrels,  ed.,  NASA  SP-267,  337-352;  Williams,  J.G.  (1969)  Ph.D  Cfctf.  Los 

Angeles;  Williams,  J.G.  (1979)  is  T.  Gehrels,  Ed.,  Asteroids  (Umv.  of  Si^^^miams! 

(1989)  jn  R.  Binzel,  T.  Gehrels,  and  M.  Matthews,  eds..  Asteroids  II  (Umv.  of  Arizona)  1034-1075,  Williams, 

J.G.,  and  Hierath,  J.  (1987)  Icarus,  72,  276-303. 
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CLASSIFICATION  OF  ASTEROID  AND  METEORITE  SPECTRA  BY  PRINCIPAL 
COMPONENTS  ANALYSIS.  Daniel  T.  Britt1,  David  J.  Tholen2,  Jeffrey  F.  Bell3,  and  Carle  M Pieters1-  (1) 
Dept,  of  Gwlogical  Sciences,  Box  1846,  Brown  Univ.,  Providence  RI 02912;  (2)  Institute  for  Astronomy  Univ  of 

toffoduction;  Several  quantitative  techniques  have  been  used  to  classify  asteroids  on  the  basis  of  their  spectral 
J^.^jedo  pharacterisucs  [eg.  1,2,3],  All  of  these  methods  have  been  successful  in  separating  the  bewildering 
spectral  variety  of  the  asteroids  into  a number  of  distinct  classes  in  statistical  or  albedo/color-ratio  space  The 
a ldity  of  these  classes  is  strongly  supported  by  the  distinct  and  relatively  limited  zones  in  the  main  asteroid  belt 
occupied  by  each  class  [4],  A logical  next  step  is  to  extend  this  successful  line  of  analysis  to  direct  classification 
comparisons  between  the  asteroids  and  their  compositional  analogs,  the  meteorites.  classification 

Methodology;  To  quantitatively  classify  the  spectral  characteristics  of  both  asteroids  and  meteorites  we  used 

vIrii^>n!nU.ear!nClp.al  c°mP°nents  an.aJysis  as  applied  by  Tholen  [1],  This  statistical  technique  can  quantify  the 
anance  in  a data  set  and  represent  this  variance  by  projecting  it  into  an  arbitrary  space  of  orthogonal  principal 
components  where  distance  between  samples  is  a measure  of  dissimilarity  [5],  Aneroid  spectra  fo/the  stody  were 

SS  ^ mete°rite  Spectra  were  from^e  extenste  Smo^ 

s"rve  311)6(10  35  3 factor  in  1116  ana,ysis- 71,6  spectra  of  412  and 

i lf  Results  and  Disgussion,  Shown  in  Figure  1 is  a plot  of  the  total  data  set.  Asteroids  are  represented  by  the 
SS™? ™°le"  class  <f*  [8]  for  an  explanation  of  classes),  and  the  meteorites  are  represented ^2  To 
s plify  this  plot.  Figure  2 is  an  enlargement  of  the  densest  portion  of  Figure  1.  The  individual  asteroid  data 
points  have  been  eliminated  and  the  zones  of  principal  component  space  occupied  by  each  asteroid  spectral  class  are 
° indlvldual  meteorites  are  represented  by  symbols.  In  this  analysis  the  first  princuSl  component 

tends  to  be  sensitive  to  the  general  slope  of  the  spectrum  with  red  slopes  having  positive  values  mid  flat  sloes 

IR™d  Wrerionf  “ Af  C “““T*  pnnCipal  component  is  correlated  with  the  strength  of  absoiption  bands  in  toe 

® ™d  cV.,k  ,A  f gCneral  P01"^  can  1x5  made  about  the  distribution  of  meteorites  in  principal  component 
* ?““•  First.  the  analysis  was  successful  in  identifying  basic  similarities;  mineralogically  similar  meteorites  £id  to 

fn  nr?  T*  0ther  mete°nte  tend  to  occupy  definite  areas.  Second,  the  wider  distribution  of  meteorites 
^nncipal  component  space  demonstrates  there  is  more  variance  in  the  meteorite  spectra  than  is  seen  in  the  asteroid 

, „L°?king  in  detail  at. lhe  relative  Positions  of  asteroids  and  meteorites  tends  to  confirm  some  theories  but  it 
and  nP^thCeS  “!!?e  su?,"ses-  Eucntes  display  substantial  variance  and  plot  away  from  the  main  body  of  asteroids 
and  near  the  position  of  the  asteroid  Vesta,  their  suggested  analog  [9],  Ordinary  chondrites  also  show  large  variance 
and  overlap  the  area  occupied  by  the  eucntes.  However,  they  also  tend  to  plot  near  their  suggested  an  Jog  the  O 

inXriahT^J1^0  [1K0,1i  7116  other  suSSested  analog  for  die  ordinary  chondrites,  the  S-clffs  asteroid  me  offSt 
to  the  nght^d  above  the  ordinary  chondrites  due  to  their  weaker  one-micron  bands  and  red  continSope 

* "e  XM  5 carbonaceous  chondntes,  which  have  traditionally  been  linked  with  the  C-class  asteroids  nlnt 
bUt  S fg**  md  offset  to  *»  ri8ht-  They  generally  Correspond  to  Tholes G-c“hS  ha  a 

1,16  C'class-  1116  °PdcalIy  -tew*  black  chondrite  metres  S tend  to  pi" 
^ low*albed°  C and  G-class  asteroids  [12].  Several  authors  have  suggested  that  CO  and  CV  carbonaceous 

?3?  T°gmf0r  T S-TnTmidS  ■nd  **  for  -it, on  of  an  new^»K6  toXS 

these  objects  [2,13].  In  this  analysis  the  CO  and  CV  chondrites  plot  in  lower  left  of  the  S-class  field  a Ion?  with 

SUggeStCd  38  P088*'6  membefS  0f  K'class-  support  the  interpretafion  of  class'll 
asteroids  (and  the  Eos  asteroid  family  which  contains  most  of  them)  as  a possible  source  ofthe  CO's  and  CV's 

}!.3’14]-  TJ)e.  Placement  of  the  iron  meteorites  is  surprising.  Their  suggested  analogs  are  the  M-class  asteroids 

SrJayte  du^l^faalafGJl?^^  ^ systematically  less  red  Aan  their  meteorite  analogs, 
ims  may  De  due  to  the  tact  that  Gaffey  s spectra  of  iron  meteorites  were  obtained  from  cut  surfaces  rather  than 

^pfcs  ^ probably  do  not  adequately  reproduce  the  scattering  properties  of  real  metal  asteroidal  regoliths 
[15].  TTie  enstaute  chondntes  are  also  offset  from  their  suggested  analogs  the  E-class  asteroids  Perhans  ihf  mnoi 
interesting  result  is  that  no  meteorites  plot  with  the  F,  B P or  l u 

pomts  to  meteonte  collections  sampling  a relatively  limited  portion  of  the  asteroid  belt  [16].  11111  W°r  ^ 

Conclusions;  In  general,  this  analysis  provides  semi-quantitative  support  for  most  compositional 
interpretations  of  asteroids  based  on  qualitative  visual  comparisons  of  spectra.  The  offset  seen  in  iron  enstatite 
chondnte,  and  carbonaceous  chondrite  meteorites  from  their  common  asteroid  analogs  suggests  a systematic 
suppression  of  the  spectral  red  slope  in  these  asteroids,  perhaps  due  to  regolith  processes.  For^ Se  SS 
has  been  shown  to  strongly  affect  the  spectra  of  carbonaceous  chondrites  [17],  and  the  particle  sizf  distribution  on 
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COMPARISON  OF  ASTEROID  AND  METEORITE  SPECTRA.  D.T.  Britt  et  al. 

asteroids  is  poorly  constrained.  The  results  of  this  analysis  support  the  concept  that  the  meteorite  w^don  samples 
TSvely  ££  zone  in  the  asteroid  belt.  The  lack  of  similarity  betwe«n  the  meteorites  and  the  F.  B.  P.  and  D- 
class  asteroids  confirm  a bias  in  the  meteonte  collections  toward  sampling  the  inner  belt 

References:  [1]  Tholen  DJ.  (1984)  Asteroid  Taxonomy  From  Clusj^A^^  A^fal  ”(1987) 

m M J F Cm%  UeJrMcs  23,  256-257.  [14]  Ctapman  C*.  « id.  <1989) Avoids 

Press  386-415  [15]  Britt  D.T.  and  Pieters  C.M.  (1988)  Proc.  LPSC  18th,  Cambridge  Umv  Press,  503  5 . . J 

WetheriU  G.W.  and  Chapman  C.R.  (1988)  In  Meteorites  and  the  Early  Solar  System ^ Kemdge  J.F. . and 

M.S.  Eds,  Univ.  of  Arizona  Press,  35-67.  [17]  Johnson  T.V.  and  Fanale  F.P.  (1973)  JGR  78,  8507  8518. 

Figure  1:  The  first  two  principal 

components  of  a combined  asteroid 
and  meteorite  spectral  data  set. 
Asteroids  are  denoted  by  the  letter  of 
their  Tholen  class  and  meteorites  are 
denoted  by  symbols.  The  letter  X 
refers  to  E,  M,  and  P-class  asteroids 
that  tend  to  occupy  the  same 
principal  component  space. 
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Figure  2:  An  enlargement  of  the 
densest  portion  of  Figure  1.  For 
clarity  individual  asteroids  have 
been  eliminated  and  the  area 
occupied  by  each  asteroid  class  has 
been  outlined.  The  lower  left 
portion  of  the  S -class  area  is  the 
area  for  the  proposed  K-class. 
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THE  DISTRIBUTION  OF  PETROLOGIC  TYPES  AND  FALL  FREQUENCY  OF  BLACK 
CHONDRITE  METEORITES.  D.T.  Britt  and  C.M.  Pieters,  Brown  University,  Providence, 
R.I.  02912. 

Introduction:  Black  chondrite  meteorites  are  ordinary  chondrites  that  are  characterized  by  an  extremely  active 
shock  history  which  has  contributed  to  the  alteration  of  their  optical  properties.  Although  they  are  chemically 
indistinguishable  from  the  range  of  normal  ordinary  chondrites  they  exhibit  pervasive  shock  features  such  as 
brecciation,  optical  alteration  (blackening),  and  low  gas-retention  ages  [1,2,3].  The  presence  of  these  features  make 
black  chondrites  invaluable  samples  of  the  effects  of  the  space  environment  on  ordinary  chondrite  material.  Since 
shock  can  be  a major  contributor  to  regolith  processes,  black  chondrites  can  provide  insight  into  the  optical  effects  of 
regolith  processes  on  ordinary  chondrite  parent  bodies.  Black  chondrites  have  been  shown  to  be  spectrally  similar  to 
some  low-albedo  C-type  asteroids  [2],  raising  the  possibility  that  parent  bodies  of  ordinary  chondrites  could  be 
covered  with  an  optically  altered  regolith  and  may  be  "hiding"  in  the  population  of  C-type  asteroids  [4].  It  is 
important  to  answer  some  of  the  basic  questions  about  the  fall  frequency  and  distribution  petrologic  types  of  these 
optically  altered  meteorites  to  determine  whether  optical  alteration  is  a major  surface  process  on  ordinary  chondrite 
parent  bodies. 

Data  Collection:  We  have  initiated  a program  to  identify  and  catalogue  the  optically  altered  black  chondrite 
falls  held  by  some  of  the  major  meteorite  collections.  Black  chondrites  are  identified  on  the  basis  of  three  criteria. 
First,  that  the  meteorite  meet  our  functional  definition  of  a black  chondrite  "any  ordinary  chondrite  meteorite 
exhibiting  distinctly  low  reflectance  (>  0.15)  in  hand  sample  (example  Farmington),  or  with  major  portions  of  the 
meteorite  containing  such  low  reflectance  material  (example  Paragould)".  Sample  reflectance  was  determined  by 
calibrating  a Kodak  gray  scale  (KODAK  publication  Q-13)  to  absolute  reflectance  using  RELAB  and  comparing  hand 
sample  color  with  the  gray  scale.  Second,  that  there  was  sufficient  sample  mass  (>5  grams)  and  interior  exposure  to 
make  a reliable  reflectance  determination.  Third,  that  terrestrial  weathering  and  rust  were  minimized.  This  was 
accomplished  by  restricting  the  survey  to  observed  falls  and  rejecting  any  sample  that  exhibited  visible  rust  (The 
Catalogue  of  Meteorites  [5]  was  used  as  authority  for  falls  and  petrologic  type).  In  addition,  since  this  survey 
focused  on  black  chondrites  only,  we  excluded  from  the  study  all  samples  that  had  been  previously  identified  as  gas- 
rich  ordinary  chondrites,  a total  of  39  falls  [6,7,8],  and  all  unequilibrated  ordinary  chondrites,  a total  of  18  falls  [5] 
(note  that  7 unequilibrated  ordinary  chondrite  falls  are  also  gas-rich).  Both  of  these  meteorite  types  also  contain  low 
reflectance  matrix  material  that  would  bias  any  selection. 

Results  and  Discussion:  To  date  the  meteorite  collections  of  Harvard  University,  the  Smithsonian  Institution’s 
Department  of  Mineral  Sciences,  and  the  USSR  Academy  of  Sciences  have  been  surveyed.  After  eliminating 
meteorites  that  did  not  meet  the  sampling  criteria,  a total  of  339  ordinary  chondrite  falls  were  checked  and  a total  of 
48  black  chondrites  were  identified.  The  statistics  of  the  distribution  of  these  meteorites  between  the  petrologic 
types  are  summarized  in  Table  1 and  the  meteorites  are  listed  in  Table  2.  A number  of  surprising  insights  are 
apparent  in  this  data.  First,  there  are  a relatively  large  number  of  black  chondrites.  A review  of  available  literature 
at  the  start  of  this  project  revealed  only  15  falls  cited  as  black  chondrites  [1,5,9-11].  This  survey  has  examined  a 
little  over  half  of  the  total  ordinary  chondrite  falls  and  has  more  than  tripled  the  number  of  identified  black 
chondrites.  These  results  suggest  that  black  chondrites  constitute  about  14%  of  ordinary  chondrite  falls.  If  gas-rich 
ordinary  chondrites  are  included,  this  suggests  that  23  % of  all  ordinary  chondrite  falls  have  been  optically  altered  by 
regolith  or  regolith-like  processes.  Second,  black  chondrites  are  roughly  equally  distributed  between  petrologic  type. 
Of  the  15  black  chondrite  falls  cited  in  the  published  literature,  2/3  are  L-chondrites.  But  this  survey  shows  that 
black  chondrites  are  least  common  among  the  L-chondrites  and  that  all  types  are  within  ± 6%  of  the  mean.  Finally, 
these  results  show  no  strong  trend  between  the  metamorphic  grades,  suggesting  that  the  proportion  of  black 
chondrites  in  each  metamorphic  grade  is  not  significantly  different  from  the  proportions  in  all  other  grades.  The 
trends  of  black  chondrite  fall  frequency  among  the  petrologic  and  metamorphic  types  suggests  that  all  ordinary 
chondritic  material  is  being  subjected  to  roughly  equal  levels  of  shock-alteration. 

Conclusions:  Previous  work  has  shown  that  black  chondrite  meteorites  may  provide  important  spectral 
information  on  the  optical  effects  of  regolith  processes  on  ordinary  chondrite  parent  bodies.  This  study  shows  that: 
(1)  Black  chondrites  are  a numerically  important  sub-set  of  ordinary  chondrites.  (2)  Black  chondrites  are  found  in 
roughly  equal  proportions  in  all  petrologic  and  metamorphic  types  of  ordinary  chondrites.  (3)  No  single  shock  event 
provides  a dominant  proportion  of  black  chondrites.  All  these  factors  combine  to  suggest  that  optical  alteration  in 
general,  and  black  chondrites  in  particular,  can  be  very  important,  both  in  understanding  the  optical  effects  of 
asteroidal  regolith  processes  and  in  the  search  for  ordinary  chondrite  parent  bodies  in  the  main  asteroid  belt 

Acknowledgments:  The  authors  are  indebted  to  GJ.  MacPherson  and  T.  Thomas  of  the  Smithsonian  Institution, 
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TABLE  1 


TYPE 

H4 

H5 

H6 

Total  H 

# CHECKED 
32 
66 
41 
139 

# BLACK 
6 
9 
7 

22 

L4 

L5 

L6 

Total  L 

11 

29 

130 

170 

2 

5 

13 

20 

LL4 

LL5 

LL6 

Total  LL 

2 

8 

20 
3 0 

0 

1 

5 

6 

Grand  Total 

339 

48 

PERCENTAGE 

18.8% 

13.6% 

17.1% 

15.8% 

18.2% 

17.2% 

10.0% 

11.8% 

0.0% 

12.5% 

25.0% 

20.0% 


14.16% 


Akbarpur  H4 
Andura  H6 
Appley  Bridge  LL6 
Atarra  L4 
Athens  LL6 
Beddgelert  H5 
Bielokrynitschie  H4 
Blansko  H6 
Canellas  H5 
Castalia  H5 
Cereseto  H5 
Chantonnay  L6 
Chicora  LL6 
Djati-Pengilon  H6 
Ensisheim  LL6 
Ergheo  L5 


TABLE  2 

Alphabetical  Listing  of  Black  Chondrites  (To  Date) 


Farmington  L5 
Gopalpur  H6 
Gorlovka  H3-4 
Hedeskoga  H5 
Hedjaz  L3-6 
Kabo  H4 
Karkh  L6 
Kendleton  L4 
Kunashak  L6 
Limerick  H5 
Malakal  L5 
Moti-ka-nagla  H6 
Nakhon  Pathom  L6 
Ojuelos  Altos  L6 
Olmedilla  de  Alarcon  H5 
Orvinio  L6 


Paragould  LL6 
Paranaiba  L6 
Pervomaisky  L6 
Rancho  del  la  Presa  H5 
Rose  City  H5 
Salles  H6 
Sena  H4 
Seres  H4 
Sevrukovo  L5 
Shytal  L6 
Suchy  Dul  L6 
Sultanpur  L6 
Supuhee  H6 
Tadjera  L5 
Uden  LL6 
Walters  L6 
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DISPERSED  OPAQUES  IN  BLACK  ORDINARY  CHONDRITES:  THE  SPECTRAL 
EFFECTS  OF  OPTICAL  ALTERATION.  D.T.  Britt  and  C.M.  Pieters.  Department  of  Geological 
Sciences.  Brown  University,  Box  1846,  Providence,  RI,  U.S.A.. 


Introduction;  Meteorites  are  often  our  only  source  of  ground  truth  information  and  insight  into  a myriad  of  solar 
system  processes.  Some  are  especially  useful  as  a record  of  the  effects  of  the  space  environment  on  the  surface 
material  of  atmosphereless  bodies;  i.e.  regolith  processes  on  asteroids  and  moons.  A thorough  understanding  of 
these  effects  is  important  for  the  interpretation  of  imaging  and  spectroscopic  data  from  a whole  suite  of  future 
missions  and  current  telescopic  observations.  Regolith  processes  tend  to  be  dominated  by  shock.  The  optically 
altered  black  chondrite  meteorites  can  provide  significant  clues  to  the  effects  of  shock  processes  in  the  space 
environment  on  common  rock-forming  minerals.  Black  chondrites  are,  as  the  name  implies,  ordinary  chondrites  that 
exhibit  significantly  lower  reflectance  than  normal  ordinary  chondrites.  In  addition  they  are  characterized  by  very 
subdued  absorption  bands  in  their  reflectance  spectra,  low  gas-retention  ages,  and  pervasive  brecciation  and  shock 
features  [1].  About  13%  of  ordinary  chondrite  falls  can  be  classified  as  black  [2],  Black  chondrites  have  been  shown 
to  have  strong  spectral  similarities  to  the  spectra  of  some  low-albedo  C-class  asteroids  [3],  In  this  study  we  will 
analyze  the  structure  of  the  opaque  components  in  two  black  chondrites,  Farmington  (L5)  and  Pervomaisky,  (L6)  and 
model  the  optical  effects  of  these  materials  on  the  spectral  characteristics  of  normal  ordinary  chondrites. 

Meteorite  Samples;  The  meteorites  chosen  for  this  initial  study  represent  the  two  major  morphologies  seen  in 
black  chondrites.  Farmington  shows  darkening  throughout  the  entire  meteorite,  although,  as  discussed  below,  there 
is  significant  variation  in  the  degree  of  optical  alteration  at  the  chondrule  scale.  Pervomaisky  exhibits  the  light  and 
dark  macrostructure  common  in  many  black  chondrites:  large  areas  of  light,  unaltered  material  co-existing  with  large 
areas  of  darkened,  optically  altered  material.  The  spectra  of  samples  from  light  and  dark  portions  of  Pervomaisky  are 
shown  in  Figure  1.  These  samples  were  taken  from  areas  less  than  a centimeter  apart  and  the  bulk  chemistry  of 
the  two  areas  are  identical  [4],  The  spectrum  of  the  dark  portion  exhibits  a strong  attenuation  of  both  albedo  and 
absorption  features  while  the  light  portion  shows  a spectrum  similar  to  normal  ordinary  chondrites  of  the  same 
petrologic  type  [5],  In  thin  section  the  light  portion  of  Pervomaisky  is  characterized  by  broken  chondrules  and 
fragments  of  chondrules  ranging  between  70  pm  to  1 mm  in  diameter.  Opaques  are  irregular  blebs  of  troilite  and  Fe- 
Ni  metal  100-200  pm  in  diameter  and  some  veins  of  the  same  material.  Average  particle  size  is  approximately  200 
pm  for  the  chondrules  and  150  pm  for  the  opaques.  In  the  dark  portion  of  Pervomaisky  the  chondrules  exhibit  the 
same  basic  structure  and  size,  but  the  form  of  the  opaque  component  is  dramatically  different.  In  contrast  to  the  large 
blebs  seen  in  the  light  portion,  opaques  in  the  dark  portion  are  drawn  out  into  a network  of  fine,  thin  veins  and 
veinlets.  The  veins  are  generally  1-5  pm  thick  and  are  often  surrounded  by  a cloud  of  minute  opaque  particles  with 
diameters  of  < 0.5  pm.  Examination  of  thin  sections  shows  veins  are  directly  associated  with  areas  opaque  to 
transmitted  light  and  appear  to  be  primarily  composed  of  troilite.  To  estimate  vein  density  a series  of  random 
traverses  100  pm  in  length  were  examined  in  thin  section.  The  average  number  of  veins  crossing  the  traverses  were 
k ’ l"t*lcaL'I]8  ^at  optical  path  lengths  of  greater  than  20  pm  would  be  strongly  attenuated  by  the  veins.  The  total 
abundance  of  opaque  components  estimated  from  chemical  analysis  are  6.4  wt.%  FeS  and  9. 18  wt.%  Fe-Ni  [4], 

In  thin  section  Farmington  is  characterized  by  broken  chondrules  and  fragments  of  chondrules  ranging  from  20 
to  400  pm  in  diameter.  Transparent  and  opaque  chondrules  are  randomly  intermixed  with  about  70%  of  the 
chondrules  slewing  at  least  some  opacity.  In  contrast  to  Pervomaisky,  the  opaque  fraction  of  Farmington  consists 
of  relatively  few  irregular  clumps  of  Fe-Ni  metal  and  troilite  50-100  pm  in  diameter,  and  a pervasive  dusting  of 
finely  dispersed  droplets  ranging  from  5 to  < 0.5  pm  in  diameter.  It  is  thought  that  these  “dusty”  opaques  were 
dispersed  as  a result  of  shock  processes  [5].  These  finely  dispersed  droplets  are  primarily  composed  of  troilite  and  are 
directly  associated  with  the  opaque  chondrules  [6].  Chemical  analysis  reports  the  total  abundance  of  opaques  as  4.79 
wt.%  FeS  and  7.46  wt.%  Fe-Ni  [6],  To  estimate  the  particle  density  of  the  droplets  a series  of  areas  100  x 100  pm 
in  opaque  material  were  examined  in  reflected  light  and  the  numbers  of  droplets  were  counted.  Average  droDlet 
population  was  approximately  400  droplets  per  10,000  sq.  pm  area.  With  this  density  of  droplets,  a photon  would 
have  an  0.21%  probably  of  traversing  100  pm  of  this  material  without  encountering  an  opaque  particle  The  average 
path  length  through  this  material  would  be  1 1.6  pm.  F 8 

Si&ctral  Mature  Modelling;  To  examine  the  optical  effects  of  the  distribution  of  the  opaque  material  we  used  a 
two-component  intimate  mixture  program  [7]  based  on  the  reflectance  model  of  Hapke  [8]  The  end-members  for 
this  mixture  are  the  spectrum  of  normal  ordinary  chondrite  material  such  as  the  light  material  of  Pervomaisky  and 
the  spectrum  of  a troilite  separate  from  the  iron  meteorite  Munbrabilla  [9],  The  spectrum  of  these  end-members  are 
shown  in  Figure  1.  Photometric  scattering  properties  for  this  material  were  assumed  for  purposes  of  this  study  to 
be  similar  to  those  measured  for  magnetite  [7],  Although  the  scattering  properties  of  troilite  are  almost  certainly  not 
the  same  as  magnetite,  the  effect  of  the  forward  or  backward  scattering  properties  is  probably  secondary  to  the  effect 
of  particle  size  on  photon  path  length.  For  all  simulations  the  density  of  the  ordinary  chondrite  material  was  set  at 
3.0  g/cm  and  for  troilite  was  4.5  g/cm3.  The  weight  percent  of  troilite  was  fixed  at  6%  to  simulate  the 
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approximate  concentration  reported  by  chemical  analysis.  Average  particle  diameter  was  set  all  00|jmf or  the 
ordinary  chondrite  material  and  varied  for  the  shock  darkened  portion  to  determine  the  effect  of  particle  size  on  the 

^tipi^u^ionT  Shownhi  Figure  2 are  the  results  of  three  simulations  run  with  ordinary  chondrite  and  troilite 
end-members.  The  first  simulation  fixed  troilite  particle  size  at  100  pm.  This  is  similar  to  the  distribution  of 
opaques  in  normal  ordinary  chondrites  and  the  light  portions  of  Pervomaisky.  In  this  case  the  effect  of  the  opaque 
end-member  on  the  mixture  spectrum  is  very  modest.  Simulation  number  two  reduced  the  troilite  particle  size  by  an 
order-of-magnitude  to  10  pm.  The  effect  on  the  mixture  spectrum  is  now  more  pronounced  as  the  smaller  particle 
size  increases  the  optical  effectiveness  of  the  opaque  component.  The  final  simulation  is  with  a troilite  particle  size 
of  1 pm,  within  the  actual  range  of  opaque  particle  sizes  seen  in  thin  sections  of  optically  altered  material.  The 
spectrum  of  this  simulation  shows  that  small  particle  size  in  opaques  strongly  attenuates  the  albedo  and  absorption 
bands  of  normal  ordinary  chondrite  material,  producing  a spectrum  very  similar  to  the  attenuation  seen  in  optically 

^^nnchisions:  In  thin  section  fine  structures  of  small-diameter  (<  5 pm),  shock  dispersed  opaques  are  pervasive 
throughout  darked  portions  of  optically  altered  ordinary  chondrites.  These  structures  tend  to  be  composed  pmnardy 
of  troilite  and  are  direcdy  associated  with  optical  opacity  in  the  chondrules  and  matrix.  The  process  or  processes  tha 
mobilizes,  disaggregates,  and  disperses  this  material  into  the  silicate  fraction  of  the  meteorite  is  a ey  i 
understanding  the  conditions  for  optical  alteration  on  asteroidal  surfaces  and  will  be  a focus  of  future  work.  Intimate 
mixture  modelling  using  realistic  parameters  confirms  the  importance  of  opaque  particle  size  in  the  attenuation  ot 
albedo  and  absorption  bands.  A two  (or  more)  order-of-magnitude  difference  in  particle  sizes  between  the  silicate  an 
opaque  phases  in  optically  altered  ordinary  chondrites  allows  a very  small  component  of  opaque  material  to  dominate 
the  optical  properties  of  these  meteorites. 
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oroeress  [51  Gaffev  M J (1976)  JGR  81 , 905-920.  [6]  Buseck  P.R.  et  al.  (1966)  G&C  Acta  30 , 1-8.  [7]  Mustard 
J.R8 and  Pieters  Cm!  (W9)  JGR  94,  136^9-13634.  [8]  Hapke  B.  (1981)  JGR  86,  3039-3054.  [9]  Bell  et  al.  (1990) 
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Figure  1:  Bidirectional  reflectance  spectra  of  dark 
and  light  portions  of  the  L6  ordinary  chondrite 
Pervomaisky  and  troilite  separates  from  the  iron 
meteorite  Mundrabilla.  In  mixing  simulations 
described  in  the  text  the  spectra  of  the  light  portion  of 
Pervomaisky  and  troilite  from  Mundrabilla  were  used 
as  end-members. 


Figure  2:  The  results  of  three  spectral  mixing 

simulations  compared  to  the  spectra  of  the  dark 
portion  of  Pervomaisky.  The  spectra  of  the  light 
portion  of  Pervomaisky  and  troilite  from  Mundrabilla 
were  used  as  end-members. 
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On  the  Relationship  of  Shocked  Ordinary  Chondrites  to  Asteroids 

Jeffrey  F.  Bell  and  Klaus  Keil  (Hawaii  Institute  of  Geophysics,  Univ.  of  Hawaii,  Honolulu  HI  96822) 
and  Dan  Britt  (Dept,  of  Geology,  Brown  University,  Providence  RI  02912) 

Background 

Most  work  on  asteroid  composition  has  been  based  on  an  implicit  assumption  that  the  spectra 
of  asteroids  can  be  simulated  by  selecting  a meteorite  thought  to  represent  the  bedrock  of  the 
asteroid  of  interest,  and  pulverizing  it  to  simulate  the  upper  layer  of  the  asteroid  regolith  which  is 
optically  visible  to  a telescope.  In  many  cases  this  method  can  provide  an  adequate  spectral  match, 
allowing  for  small  variations  due  to  particle  size  differences  and  photometric  geometry.  However, 
there  remain  spectral  classes  of  asteroids  which  have  no  meteoritic  analogs  and  several  classes  of 
meteorites  whose  laboratory  spectra  do  not  match  those  of  any  observed  asteroids.  The  case  which 
has  attracted  the  most  attention  over  the  years  is  that  of  the  ordinary  chondrites.  While  these  are 
the  most  common  meteorites  falling  on  the  Earth's  surface  at  present,  only  a few  unusual  asteroids 
have  been  suggested  as  possible  spectral  matches  for  them.  The  most  popular  recent  candidate  for 
an  OC  source  body  is  the  small  Earth-crossing  asteroid  1862  Apollo.  This  asteroid  has  unique  spec- 
tral features  which  caused  Tholen  (Ph.D.  thesis,  Univ.  of  Arizona,  1984)  to  erect  a new  asteroid  class 
"Q"  of  which  Apollo  is  the  only  unambiguous  member.  However,  many  workers  find  the  apparent 
lack  of  any  Q-type  asteroids  in  the  main  asteroid  belt  a serious  objection  to  this  identification.  It 
would  be  much  more  satisfying  to  identify  OCs  with  some  very  common  main-belt  asteroid  type. 
The  traditional  candidates  have  been  S-type  asteroids.  A variety  of  "space  weathering*  processes 
have  been  proposed  which  might  alter  the  regolith  of  an  OC  parent  body  to  produce  the  highly 
reddened  spectra  observed  in  typical  S asteroids.  However,  OC  regolith  breccia  matrix  material 
which  is  rich  in  implanted  solar-wind  gases,  does  not  show  the  characteristic  red  slope  of  S asteroids. 
Since  this  material  acquired  solar  gases  during  previous  residence  at  the  uppermost  surface  of  a 
regolith,  it  must  be  representative  of  the  optical  surface  of  the  parent  body.  Thus  the  lack  of  spec- 
tral similarity  of  this  material  to  S asteroids  is  very  strong  evidence  against  the  "space  weathering* 
hypothesis  in  its  "classic*  form. 

Another  class  of  OC  material  is  known  to  possess  an  unusual  spectrum  more  easily  reconciled 
with  a common  asteroid  type.  The  so-called  "black  chondrites*  are  meteorites  with  abundant  evi- 
dence of  severe  shock  effects  due  to  impact  events  on  their  parent  bodies.  In  addition  to  a small 
fraction  of  OCs  which  are  entirely  composed  of  such  material,  many  others  have  narrow  veins  of 
shocked  material  between  clasts  of  normal  OC  appearance.  Spectra  of  the  shock-blackened  material 
possess  much  lower  albedos  and  shallower  absorption  bands  than  unshocked  OC  material.  In  some 
cases  of  high  degrees  of  shock-melting,  the  spectra  are  very  similar  to  those  of  carbonaceous  chon- 
drites and  C-type  asteroids.  It  has  recently  been  proposed  that  the  elusive  OC  parent  bodies  could 
be  hiding  among  the  C asteroid  population,  if  their  uppermost  regoliths  were  composed  mostly  of 
shocked  "black  chondrite*  material.  While  this  OC  = C-type  hypothesis  lacks  some  of  the  superfi- 
cial charm  of  the  classic  OC  = S-type  space  weathering  theory,  in  that  it  links  OCs  with  an  asteroid 
class  which  already  has  an  accepted  meteoritic  analog  (CI/CM  chondrites),  it  is  in  fact  much  more 
reasonable  in  that  it  appeals  to  clearly  real  asteroidal  impact  processes  and  is  consistent  with  the 
existing  meteorite  spectral  data.  We  therefore  chose  to  explore  this  hypothesis  by  obtaining  lab 
spectra  of  highly  shock-blackened  portions  of  ordinary  chondrites. 

Measurements 

Figure  1 compares  the  spectral  reflectance  of  the  most  highly  shock-blackened  portions  of  each 
meteorite  studied.  They  are  all  very  different  from  the  spectra  of  normal,  unshocked  OC  material. 
Common  features  include  the  reduction  of  albedo  to  the  0.05-0.10  level,  great  or  total  suppression  of 
the  silicate  absorption  bands  near  1 and  2 /xm,  and  a residual  absorption  in  the  0.3-0.6/xm  region. 
As  previously  shown,  this  material  spectrally  resembles  unshocked  carbonaceous  chondrite  material. 
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Implications  For  Asteroids 

Are  ordinary-chondrite  parent  bodies  hidden  among  the  C-type  asteroids?  Our  results  agree 
with  previous  suggestions  that  highly  shocked  OC  material  could  spectrally  mimic  some  C-type 
asteroids.  This  is  only  relevant  to  interpretation  of  asteroid  telescopic  spectra  if  such  shocked 
material  covers  a large  fraction  of  an  asteroid’s  optical  surface.  There  are  several  lines  of  evidence 
which  bear  on  this  important  question. 

More  important  than  the  overall  abundance  of  the  shock-blackened  material  is  the  question  of 
where  this  material  occurs  in  a typical  asteroid.  It  has  been  suggested  that  the  optical  surfaces  of 
the  OC  parent  bodies  are  largely  covered  with  a thin  layer  of  shock-blackened  material,  which  gives 
them  the  appearance  of  C-type  asteroids.  This  hypothesis  does  not  require  that  the  actual  shock- 
blackened  meteorites  in  our  collections  be  former  surface  material,  only  that  they  have  experienced  a 
similar  blackening  process  to  that  in  the  uppermost  regolith.  However,  it  does  imply  that  most  or  all 
of  the  solar-gas-rich  regolith  breccias  in  the  OC  collection  would  be  shock-blackened,  since  the  pres- 
ence of  trapped  solar  wind  in  these  meteorites  establishes  that  they  contain  material  that  was  once 
at  the  top  of  the  regolith.  However,  the  gas-rich  matrix  material  does  not  generally  exhibit  extreme 
blackening.  Typically,  the  gas-rich  regions  in  these  meteorites  exhibit  clearly  recognizable  absorption 
bands  which  are  still  about  half  as  deep  as  the  bands  in  gas-free  clasts  in  the  same  sample.  There 
seems  to  be  a real  distinction  in  spectral  characteristics  between  gas-rich  regolith  breccias  and  true 
shock-blackened  breccias.  This  distinction  is  probably  due  to  the  differing  mechanics  of  impact  in 
different  regions  of  the  target  material.  Rock  below  the  impact  is  compressed  against  underlying 
rock  and  strongly  shocked,  while  the  material  which  ends  up  in  the  ejecta  blanket  has  been  dis- 
rupted and  thrown  out  at  low  velocity. 

However,  our  knowledge  of  the  physics  of  the  blackening  process,  and  the  detailed  distribution 
of  shock  effects  and  solar-wind  effects  in  the  meteorite  breccias  is  currently  inadequate  to  rule  out 
such  an  effect.  For  instance,  even  the  most  gas-rich  material  found  in  meteorites  contains  only 
about  20%  actual  ex-surface  material  when  the  individual  grains  are  examined  for  solar-wind  effects. 
It  is  possible  that  the  true  optical  surface  could  exhibit  much  stronger  blackening  effects  than  found 
in  the  breccias.  A possible  means  of  investigating  this  hypothesis  would  be  to  obtain  spectra  and 
gas-rich  grain  abundances  for  a variety  of  samples  and  extrapolate  the  correlation  (if  any)  found  to  a 
composition  of  100%  gas-rich  grains.  This  would  be  an  exceedingly  laborious  task,  but  probably  the 
best  line  of  future  research  in  this  area. 

Are  Class  K asteroids  ordinary -chondrite  parent  bodies?  Another  group  of  asteroids  have 
spectra  similar  to  some  of  the  shock-blackened  material  measured  in  this  study.  Several  members  of 
the  Eos  asteroid  family  have  flat  featureless  spectra  in  the  1-2.5/im  range,  even  though  their  visible 
(0.3-1/xm)  spectra  were  similar  to  those  of  S-type  asteroids  and  they  were  almost  all  classified  S in 
the  system  of  Tholen.  This  unusual  spectral  signature  is  very  similar  to  that  of  some  of  the  less 
strongly  shocked  black  OC  material  in  Fig.  1.  The  average  albedo  of  Class  K asteroids  is  about  0.09, 
also  consistent  with  some  of  our  meteorites.  From  a purely  spectroscopic  view,  the  K class  is  as  lik- 
ley  to  be  composed  of  shocked  OC  material  as  any  member  of  the  C class. 

However,  we  do  not  believe  that  this  is  a reasonable  interpretation.  In  addition  to  all  the  gen- 
eral reasons  given  above  for  C-type  asteroids,  there  is  the  fact  that  every  asteroid  in  the  Eos  family, 
with  rare  exceptions,  shares  the  unusual  Class  K spectrum.  This  implies  that  the  entire  mass  of  the 
120km  parent  body  of  the  family  was  converted  to  black  chondrite  material,  presumably  during  the 
impact  which  shattered  it  to  create  the  current  asteroid  family.  From  the  meteorite  record,  it  does 
not  appear  that  such  catastrophic  disruptions  result  in  a large  fraction  of  blackened  material.  For 
instance,  a large  fraction  of  the  H chondrites  appear  to  have  experienced  a source  body  disruption 
about  5 million  years  ago,  yet  these  meteorites  do  not  exhibit  an  anomalously  high  proportion  of 
shock-blackened  material. 

For  the  K-type  asteroids  there  is  also  a ready  alternative  interpretation.  The  spectrum  of  221 
Eos,  the  best-observed  K asteroid,  is  almost  identical  to  that  of  the  CO  chondrites.  The  origin  of 
these  meteorites  has  always  been  a mystery,  as  they  are  too  bright  to  match  C-type  asteroids.  The 
discovery  of  the  K class  provides  them  with  a reasonable  asteroidal  parent  body. 
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Reflectance 


Are  Phobos  and  Deimos  shock-blackened  OCs?  The  recent  outburst  of  interest  in  the  satel- 
lites of  Mars  occasioned  by  the  Soviet  mission  to  Phobos  has  led  to  suggestions  that  Phobos  and 
Deimos  may  be  examples  of  ordinary-chondrit e-like  bodies  covered  with  a superficial  layer  of  shocked 
material,  which  disguises  them  as  carbonaceous  chondrites.  The  meteoritical  evidence  cited  above  is 
less  directly  relevant  here,  since  it  is  unlikely  that  any  known  meteorite  is  from  Phobos  or  Deimos. 
However,  we  do  have  some  direct  evidence  of  the  nature  of  the  regoliths  on  these  bodies.  In  the 
Viking  photographs  both  show  signs  of  a very  deep  regolith  which  heavily  blankets  features  in  the 
bedrock.  The  standard  explanation  of  this  is  that  the  large  amount  of  low- velocity  ejecta  from 
impacts  on  the  satellites  does  not  escape  the  Mars  gravity  well,  but  recollides  with  the  satellite  at 
low  velocity  after  a few  orbits.  This  extra  component  of  low-velocity  secondary  projectiles  should 
bias  the  total  impact  environment  very  strongly  toward  low-velocity  impacts  which  simply  dig  up 
fresh  bedrock  and  create  little  or  no  shocked  material.  The  special  dynamical  environment  of  Pho- 
bos and  Deimos  thus  implies  that  the  average  surface  region  is  even  more  free  of  shocked  material 
than  the  main-belt  asteroids  considered  above.  There  seems  to  be  no  reason  to  revise  the  traditional 
interpretation  of  Phobos  and  Deimos  as  carbonaceous  chondrite  analogs. 
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The  Evolution  of  the  Water  Regime  of  Phobos 

Fraser  P.  Fanale  and  James  R.  Salvail,  Hawaii  Institute  of  Geophysics,  University  ot 
Hawaii,  Honolulu,  Hawaii  96822  U.S.A. 

There  are  several  reasons  for  believing  that  Phobos  once  contained  a significant 
amount  of  water  in  its  interior.  Phobos  appears  to  be  generally  similar  to  C class 
asteroids  and  some  carbonaceous  chondritic  meteorites  (Veverka  and  Thomas,  1979; 
Veverka  and  Burns,  1980).  Some  of  these  meteorites  are  known  to  contain  phyllosili- 
cate  minerals,  which  contain  water  of  hydration.  Some  of  the  phyllosilicates  are 
thought  to  have  been  produced  by  solid-gas  interaction  in  the  pre-planetary  nebula. 
They  could  also  have  been  produced  by  the  action  of  liquid  water  on  anhydrous 
minerals  after  planetary  formation.  Geochemical  studies  of  matrix  materials  have  sug- 
gested that  all  the  phyllosilicates  may  have  had  the  latter  (secondary)  origin  (Uu 
Fresne  and  Anders,  1962).  These  and  other  observations  suggest  that  asteroids 
accreted  as  a mixture  of  relatively  anhydrous  minerals,  organics  and  water  ice  (Jones  et 
al.  1988),  which  represents  one  source  of  free  water.  Measurements  of  the  fundamen- 
tal O-H  stretch  band  in  the  optical  surface  materials  of  many  C-class  asteroids 
revealed  a relatively  weak  correlation  between  band  depth  and  heliocentric  distance. 
This  indicates  that  a major  electromagnetic  induction  heating  event  could  have  raised 
the  temperature  of  the  interior  of  Phobos  high  enough  to  free  the  bound  water  in  some 
of  the  phyllosilicates  on  a time  scale  of  10**4  to  10**5  years  (Herbert  and  Sonnett, 
1979).  If  Phobos  was  captured  from  the  outer  solar  system,  the  electromagnetic  heat- 
ing may  not  have  caused  massive  water  loss  and  hydration  of  the  optical  surface.  In 
that  case,  diffusion  would  have  been  the  primary  means  of  water  migration  and  loss. 
Thus,  there  may  be  two  sources  of  free  water  within  Phobos.  Images  of  Phobos  show 
that  it  has  sets  of  craters  with  raised  rims  aligned  along  grooves,  which  suggest  volatile 
venting  associated  with  impact  events  (Thomas  and  Veverka,  1979).  The  small  size  ot 
Phobos,  its  low  albedo  and  its  heliocentric  distance  are  conditions  that  might  lead  to  a 
significant  if  not  complete  loss  of  water  from  Phobos  over  geological  time. 

Phobos  was  modeled  as  a sphere  of  radius  9 km,  which  is  half  of  its  minimum 
width.  The  orbit  of  Phobos  is  in  the  equatorial  plane  of  Mars,  and  its  rotation  is  syn- 
chronous with  its  orbital  period.  Therefore,  its  obliquity  must  be  approximately  the 
same  as  that  of  Mars.  The  time  variation  of  the  obliquity  of  Phobos  was  assumed  to 
have  been  the  same  as  that  of  Mars.  The  obliquity  and  eccentricity  variations  of  Mars 
were  first  computed  by  Ward  (1979),  but  the  approximate  formulae  given  by  Fanale  et 
al.  (1986)  were  used.  The  increasing  solar  power  output  over  geologic  time  was  also 
accounted  for  (Gough,  1977).  For  most  cases  of  interest,  the  current  depth  of  subsur- 
face ice  turns  out  to  be  small  compared  to  the  minimum  dimension  of  Phobos.  In 
these  cases  a one  dimensional  thermal  model  would  yield  acceptably  accurate  tempera- 
tures for  those  depths  relevant  to  the  computation  of  water  fluxes  and  ice  depths. 
Interior  temperatures  were  calculated  for  a one  dimensional  thermal  model  using 
spherical  coordinates.  The  surface  boundary  condition  includes  the  annual  average 
insolation,  the  infrared  radiation  from  the  surface  and  the  heat  conduction  into  the 
ground.  The  boundary  condition  at  the  ice  interface  maintained  continuity  of  heat 
flow  through  a boundary  separating  two  domains  having  different  thermal  properties 
due  to  the  presence  or  absence  of  ice,  and  it  also  accounted  for  the  insignificant 
amount  of  heat  released  by  sublimation  of  the  ice.  At  the  center  of  the  sphere,  the 
adiabatic  boundary  condition  was  used. 

The  nonvolatile  material  was  assumed  to  exist  as  a coherent,  porous  matrix  with 
water  ice  occupying  a fraction  or  all  of  the  pore  space.  Ice  near  the  surface  sublimes 
and  flows  through  the  tortuous  passages  to  the  surface  where  it  is  lost  to  space.  The 
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gas  flux  is  a function  of  the  changing  temperature  of  the  ice  front,  the  instantaneous 
depth  of  the  ice  front  and  the  properties  of  the  porous  matrix,  namely,  the  porosity, 
the  pore  size  and  the  tortuosity.  The  flow  of  vapor  in  the  porous  matrix  is  always  in 
the  free  molecular/Knudsen  regime.  The  ice  boundary  recedes  at  a rate  determined  by 
the  gas  flux,  the  bulk  density  of  the  porous  matrix  and  the  mass  ratio  of  nonvolatiles 
to  ice.  Integrating  this  rate  numerically  over  time  gives  the  new  ice  depth  at  the  end 
of  a tune  step  within  a given  obliquity  cycle.  Temperatures,  gas  fluxes  and  ice  depths 
were  computed  for  a selected  number  of  obliquity  cycles,  each  representing  an  epoch  in 
the  history  of  Phobos.  This  was  done  since  it  would  be  impractical  to  calculate  tem- 
peratures continuously  over  geologic  time.  However,  since  the  ice  depth  is  an  integral 
over  time,  it  was  necessary  to  obtain  a relatively  accurate  estimate  of  the  ice  depth  at 
the  end  of  an  epoch.  This  was  done  by  computing  the  average  water  flux  over  the 
obliquity  cycle  at  the  beginning  of  the  epoch  and  assuming  that  this  average  flux 
would  be  the  same  for  all  obliquity  cycles  comprising  that  epoch.  The  solar  power  out- 
put would  increase  slightly  during  this  period.  This  would  increase  temperatures 
slightly  and  would  tend  to  increase  water  fluxes  during  an  epoch.  However,  the  reces- 
sion of  the  ice  would  tend  to  decrease  water  fluxes  due  to  the  increased  diffusion  path 
length.  Thus,  the  two  effects  would  tend  to  offset  each  other. 

We  have  investigated  cases  in  which  water  ice  is  evenly  distributed  and  cases  in 
which  ice  is  concentrated  in  a near  surface  layer  and  fills  all  the  pore  spaces  down  to  a 
depth  that  depends  on  the  bulk  density,  the  assumed  average  porosity  of  Phobos  and 
on  the  mass  fraction  of  water  initially  allocated  to  Phobos.  The  geologic  history  of 
Phobos  was  divided  into  75  epochs  each  having  a length  of  6 X 10**7  yrs  and  each 
containing  50  long  term  obliquity  cycles.  Detailed  calculations  were  performed  only  for 
the  first  obliquity  cycle  of  each  epoch,  and  the  results  were  assumed  to  characterize 
that  epoch.  The  solar  constant  was  calculated  at  the  beginning  of  each  epoch,  and  it 
was  assumed  to  remain  constant  throughout  the  obliquity  cycle  for  which  it  was  used. 
The  solar  insolation  was  calculated  at  100  evenly  spaced  points  in  time  throughout  the 
obliquity  cycle  for  a particular  latitude  using  the  time  dependent  obliquity  and  eccen- 
tricity functions.  Temperatures,  water  fluxes  and  ice  depths  were  calculated 
throughout  the  selected  obliquity  cycle.  The  results  for  this  obliquity  cycle  were  used 
to  calculate  the  depth  of  the  ice  at  the  end  of  the  epoch. 

Annual  average  temperatures  were  affected  significantly  over  geologic  time  by  the 
increasing  solar  power  output,  and  over  a 10**5  to  10**6  year  time  scale  by  the  obli- 
quity cycle  and  to  a lesser  extent  by  the  eccentricity  cycle.  These  effects  cause  the 
insolation  and  the  resulting  annual  average  surface  temperatures  to  vary  in  a highly 
complex  manner.  These  variations  are  propagated  to  great  depths  due  to  the  long 
time  scales.  The  most  significant  results  are  summarized  in  figures  1 and  2.  These 
show  the  current  depth  of  ice  as  a function  of  latitude  for  the  surface  concentrated 
cases  and  for  both  cases  of  porosity  and  pore  size.  Depth  limits  are  given  for  the  initial 
mass  fractions  of  water  indicated.  The  results  show  that  if  Phobos  was  initially 
endowed  with  1%  water  ice  , the  ice  could  still  be  retained  in  pores  at  depths  of  hun- 
dreds of  meters  at  lower  latitudes  to  only  tens  of  meters  at  high  latitudes.  This  is  so 
despite  Phobos’  low  albedo,  proximity  to  the  sun,  and  periodically  high  obliquity.  The 
possibility  of  shallow  ground  ice  on  Phobos  could  be  an  important  consideration  in  the 
planning  of  future  manned  missions  to  Mars. 
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porosity,  10  micron  pore  size.  Depth  limits 
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Small  Satellites  and  Asteroids:  Scale  Variation  of  Topography  and  Shapes. 

P.  C.  Thomas,  Center  for  Radiophysics  and  Space  Research,  Cornell  University,  Ithaca,  NY 
14853 

The  shapes  and  surface  topography  of  satellites  are  dependent  on  the  objects’  mean  radii. 
Although  a size  dependence  is  hardly  a surprise  (Johnson  and  McGetchin,  1973),  the 
quantitative  data  now  available  provide  clues  to  the  shaping  processes  and  histories  of  rocky 
and  icy  satellites,  and  for  asteroids.  Limb  topography  provides  a standard  method  of 
comparison  of  overall  shapes  and  roughnesses  (Thomas,  1989).  The  primary  characteristics 
of  satellite  shapes  are:  1)  Icy  satellites  >200  km  radius  are  all  smooth  ellipsoids,  except  for 
1989N1,  mean  radius  208  km.  2)  Smaller  icy  satellites  and  1989N1  have  limb  roughnesses 
of  2-8%  of  mean  radius,  a characteristic  that  does  not  vary  with  size  below  200  km  radius 
(Fig.  1).  3)  Rocky  satellites  smaller  than  200  km  radius  are  also  rough  (Fig.  lb).  Rocky 
satellites  larger  than  200  km  are  all  greater  than  1700  km  radius,  and  are  smooth  ellipsoids. 
Two  asteroids  with  many  good  photoelectric  occultation  chords  (Millis  et  al.,  1981)  are 
consistent  with  the  small  satellite  data.  The  largest  asteroid  is  very  much  rougher  than  icy 
satellites  of  the  same  size. 

The  shapes  of  these  objects  probably  derive  mostly  from  one  or  more  processes:  impacts, 
downslope  movement,  viscous  relaxation.  The  two  main  modelling  questions  are:  1)  can 
reasonable  crater  densities  and  morphologies  explain  the  roughness  of  small  satellites,  and  2) 
are  predicted  changes  in  crater  morphology  adequate  to  explain  the  drastic  differences  in 
shapes  of  small  and  large  icy  objects  and/or  the  shape  trend  of  rocky  objects?  To  address 
these  questions  limb  topography  from  impacts  has  been  calculated  using  gravity-dependent 
morphologic  parameters  for  crater  morphology  on  icy  and  rocky  objects  from  the  work  of 
Schenk  (1989).  Initial  shapes  were  spheres,  and  craters  were  randomly  placed  on  the  objects. 
Depth/diameter  ratios,  crater  size  distributions,  and  crater  densities  were  varied.  By  running 
models  with  different  distributions  of  craters,  we  obtained  mean  roughnesses  for  different 
diameters  to  compare  with  the  roughness  data.  The  models  and  data  are  compared  in  Fig. 

1.  Fig.  2 illustrates  the  appearance  of  a calculated  small  satellite  limb.  The  onset  of  complex 
craters  with  low  depth/diameter  ratios  (depth  increases  as  a small  power  of  diameter)  greatly 
reduces  the  roughness  of  the  icy  objects;  it  nearly  follows  the  icy  satellite  data.  The  multiple 
model  lines  in  Fig.  1 emphasize  that  a general  model  may  have  enough  free  parameters  to 
render  comparison  with  any  one  satellite  meaningless.  In  some  cases,  the  observed  geology 
renders  the  model  of  limited  application:  Miranda  and  Enceladus,  both  of  which  have  obvious 
internal  heating  and  tectonics.  Mimas  remains  the  difficult  object  to  explain.  It  is  an 
equilibrium  ellipsoid  (Dermott  and  Thomas,  1988),  yet  there  is  no  evidence  for,  or 
expectation  of,  internal  heating. 

For  rocky  objects,  the  meager  data  are  consistent  with  the  impact  model  through  the  size 
of  the  largest  asteroid.  The  prediction  from  these  data  is  that  asteroids  that  lack  significant 
melting  will  be  as  rough  as  their  length  of  cratering  allows  (that  is,  redistribution  of  ejecta 
has  not  smoothed  them  off). 
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Figure  1.  Comparison  of  data  on  satellite  limb  roughnesses  with  model  results.  Rocky  and 

icy  satellites  are  treated  differently.  . 

Variables  in  the  models  are:  Maximum  crater  diameter  as  a fraction  of  mean  radius;  crater 
depth  at  1 km  diameter;  0.1  or  0.06  used  for  icy  satellites;  0.2  for  rocky  ones  (see  Schenk; 
1989);  crater  density  distribution  expressed  as  slope  of  cumulative  curve  (2  or  3 in  these 

models).  . 

a-b.  Icy  Satellites.  Roughness  is  the  rms  residuals  to  ellipsoidal  fits  of  the  limb  coordinates, 
as  a fraction  of  the  mean  radius.  Points  with  several  views  are  marked  by  mean  values  and 
extremes.  The  drastic  difference  between  small  and  large  satellites  is  well  illustrated  by  this 
linear  plot.  The  two  different  model  curves  show  the  effects  of  different  crater  densities  (i.e. , 
largest  crater  size),  and  depth  of  craters.  The  models  show  that  roughness  of  small  satellites 
is  easily  approximated  by  bowl-shaped  craters  of  normal  depths.  Larger  satellites  are  also 
consistent  with  the  model,  but  these  usually  have  the  largest  crater  <0.85  Rm.  These  larger 
satellites  are  smooth  enough  from  internal  effects  that  the  cratering  model  is  usually  not 


c.  Comparisons  of  two  models  with  the  shape  data  for  rocky  satellites  and  two  asteroids 
(latter  from  Millis  et  al.,  1981;  1987).  The  crater  density  slopes  are  varied,  as  is  the  size  of 
onset  of  complex  craters,  to  illustrate  that  many  families  of  models  may  apply  to  the  rocky 

objects.  The  largest  object  plotted  is  Io  (Moon  would  be  similar).  The  largest  asteroid  is  not 
significantly  different  from  the  other  data  and  can  be  satisfied  with  many  different  cratenng 
models;  it  is  rougher  than  icy  satellites  of  similar  diameter. 
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Figure  2.  Example  of  a limb  profile  with  a roughness  of  5.9%  Rm;  compare  with  Fig.  la 
data. 
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THE  SHAPE  OF  ASTEROID  433  EROS 

S.  J.  Ostro,  K . D.  Rosema,  and  R.  F.  Jurgens 
Jet  Propulsion  Laboratory,  Caltech,  Pasadena,  CA  91109 

Introduction 

433  Eros,  discovered  by  G.  Witt  in  1898,  is  distinguished  by  being 
the  first  known  Mars-crosser,  the  first  asteroid  to  show  a lightcurve,  and 
the  first  asteroid  to  be  observed  while  occulting  a star.  The  discovery  of 
Eros1  large  orbital  eccentricity  attracted  considerable  interest  and 
catalyzed  a series  of  dynamical  studies,  and  triangulation  of  the  distance 
to  Eros  and  analyses  of  perturbations  on  Eros'  orbit  provided  the  most 
reliable  pre-radar  values  for  the  AU.  Eros  made  its  closest  approach  to 
Earth  in  this  century  (0.15  AU)  on  January  13,  1975,  and  was  favorably 
placed  for  telescopic  investigation  within  several  months  of  that  date.  A 
campaign  was  organized  to  seize  this  opportunity  using  available 
astronomical  techniques,  and  the  May  1976  issue  of  Icarus  was  devoted  to 
papers  reporting  the  observations . Zellner  (1976)  noted  that  no  other 
solar  system  body  in  its  size  range  had  been  so  thoroughly  observed. 

The  constraints  on  Eros'  shape,  derived  primarily  from  optical 
lightcurves  (e.g.,  Dunlap  1976;  Millis  et  al.  1976)  and  3.5-cm  radar 
observations  (Jurgens  and  Goldstein  1976,  hereafter  JG76),  were  obtained 
within  the  framework  of  some  assumed,  axisymmetric  model.  Such  approaches 
were  appropriate  first  approximations,  but  their  inadequacy  was  apparent 
from  the  presence  of  odd  harmonics  in  the  lightcurves  and  in  the 
rotational-phase  dependence  of  the  radar  signatures.  In  analyzing  the 
latter,  JG76  used  a homogeneous,  triaxial  ellipsoid  model  (Jurgens  1982), 
but  they  warned  of  that  model's  inability  to  accommodate  a strong, 
predominantly  first-harmonic  wobble  in  the  echo  spectral  shape.  The 
presence  of  the  fundamental  Fourier  component  indicated  that  Eros'  figure 
and/or  it's  radar  scattering  properties  are  not  axisymmetric. 

Recently,  Ostro  et  al.  (1988a)  introduced  a theoretical  approach  to 
asteroid  echo-spectral  analysis  that  follows  naturally  from  the  geometric 
relation  between  spectral  edge  frequencies  and  the  shape  of  a rotating 
asteroid.  This  approach  uses  the  extent  of  the  spectra  to  determine  the 
convex  envelope,  or  hull,  of  the  asteroid's  polar  silhouette  — a pole-on 
projection  of  the  asteroid  with  concavities  "filled  in."  Ostro  et  al. 
(1988a)  showed  how  to  estimate  the  hull,  developed  error-analysis 
techniques,  and  studied  the  relation  between  the  accuracy  of  a hull 
estimate  and  the  parent  dataset's  signal-to-noise  ratio. 

The  Convex  Hull  of  Eros'  Pole-on  Silhouette 

Ostro,  Rosema,  and  Jurgens  (1990)  use  the  1975  Goldstone  radar 
spectra  to  estimate  Eros'  hull  and  then  use  the  results  to  evaluate,  and  in 
a few  instances  refine,  the  1976  constraints  on  the  asteroid's  physical 
properties.  We  also  address  certain  practical  aspects  of  hull  estimation 
not  confronted  by  Ostro  et  al.  (1988a) . For  example,  for  a given  set  of 
echo  spectra,  the  accuracy  of  a hull  estimate  turns  out  to  depend  on  the 
data  set's  frequency  resolution  and  rotational-phase  resolution.  The  Eros 
data  (199,  3.5-cm  spectra  in  the  OC  polarization)  are  "over-resolved"  in 
each  domain,  so  it  was  necessary  to  smooth  the  data  and  to  search  for  the 
best  phase /frequency  filter. 
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The  above  figure  shows  the  resultant  estimate  of  Eros1  hull  (solid 
curve),  which  is  "quasi-t rapezoidal"  in  shape;  the  dotted  curves  convey  the 
estimation  error.  A dot  indicates  the  hull's  center  of  rotation  (Eros 1 
center  of  mass)  while  a larger  symbol  indicates  the  hull ' s centroid. 

Arrows  indicate  orientations  at  epochs  of  lightcurve  extrema  (Millis  et  al. 
1976),  a radar  time  delay  measurement  by  Campbell  et  al.  (1976),  and 
stellar  occultation  observations  (O'Leary  et  al.  1976).  The  silhouette  is 
clearly  non-axisymmet ric,  suggesting  that  some  of  the  odd-harmonic 
character  of  Eros'  lightcurves  and  radar  echoes  are  due  to  shape. 

Lightcurve  Inversion; Eros'  Mean  Cross  Section 

Ostro  et  al.  (1988b)  show  that  under  certain  ideal  conditions,  one 
can  use  "convex-profile  inversion"  of  a lightcurve  to  estimate  a profile 
which,  unlike  the  hull,  is  a two-dimensional  average  of  the  asteroid's 
shape.  That  profile  is  called  the  mean  cross  section,  £,  and  is  defined  as 
the  average  of  the  envelopes  on  all  the  surface  contours  parallel  to  the 
equator.  The  ideal  conditions  for  estimating  £ include  Condition  GEO,  that 
the  scattering  is  uniform  and  geometric;  Condition  EVIG,  that  the  viewing- 
illumination  geometry  is  equatorial;  and  Condition  PHASE,  that  the  solar 
phase  angle  <|>  is  known  and  nonzero.  These  conditions  collapse  the  three- 
dimensional  lightcurve  inversion  problem,  which  cannot  be  solved  uniquely, 
into  a two-dimensional  problem  that  can.  During  late  Jan  1975,  the  sub-Sun 
and  sub-Earth  points  were  near  Eros'  equator  and,  given  the  9°  solar  phase 
angle,  the  scattering  was  probably  almost  geometric. 
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Convex-profile  inversion  of  an  Eros  lightcurve  obtained  by  Tedesco 
(1976)  on  1975  Jan  20  yields  the  estimate  of  £ (solid  curve)  shown  in  the 
following  figure.  This  average  of  Eros'  shape  rotates  clockwise  and  is 
shown  at  the  same  rotation  phase  as  in  the  hull  figure.  The  Earth's 
direction  is  toward  the  bottom  and  the  Sun's  is  9°  clockwise  from  there. 


The  mean  cross  section  is  a weaker  shape  constraint  than  the  hull. 
However,  visual  and  thermal-IR  lightcurves  are  disc- integrated  mappings  of 
precisely  those  average  shape  characteristics  conveyed  by  the  mean  cross 
section.  The  estimate  of  Eros'  mean  cross  section  is  "tapered,"  and  some 
support  for  the  validity  of  this  result  is  offered  by  Lebofsky  and  Rieke 
(1979),  who  argue  that  a tapered  shape  can  help  to  explain  aspects  of  the 
asteroid's  thermal-infrared  signature  observed  by  those  authors  and  by 
Morrison  (1976).  In  this  context,  Eros'  mean  cross  section  reveals  shape 
characteristics  responsible  for  odd-harmonic  components  of  thermal-IR 
"emission"  lightcurves  as  well  as  phase  differences  between  emission  and 
"ref lected-light"  curves.  The  estimates  of  Eros'  hull  and  mean  cross 
section  have  their  longest  sides  on  the  receding  limb  at  zero  rotational 
phase.  Perhaps  that  face  of  Eros  lacks  prominent  positive  relief.  For  the 
other  sides,  the  apparent  differences  between  the  curvatures  of  the  hull 
and  the  mean  cross  section  might  arise  from  non-equatorial  topography. 
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On  the  Physics  and  Origin  of  Cometary  Nuclei 

Fred  L.  Whipple,  Smithsonian  Astrophysical  Observatory, 

60  Garden  Street,  Cambridge,  MA  02138 

Studies  with  members  of  the  Halley  Multicolor  Camera  Team  of  the  Giotto 
Mission  show  that  three  major  jet  sources  can  account  for  71  percent  of  the  dust  jet 
activity  of  Halley’s  comet  at  the  time  of  the  Giotto  passage.  Each  jet’s  azimuthal 
intensity  is  well  represented  by  a Gaussian  curve  out  to  an  azimuthal  distance  of  60°  - 
900  from  the  center.  The  assumption  that  each  jet  arises  from  an  area  of  a few  square 
kilometers  with  a number  of  subsources,  each  with  a cone  half  angle  of  ~ 10o,  leads  to  a 
radial  intensity  distribution  consistent  with  the  observations.  This  intensity  distribution 
follows  a 1/R  law  for  distance  R from  the  nucleus  greater  than  20  km  but  falls  below  this 
relationship  at  smaller  distances.  The  above  rather  natural  solution  for  the  problem 
obviates  the  need  for  solutions  for  the  break-up  of  grains  or  their  acceleration  near  the 
nucleus  although  there  is  other  evidence  for  break-up. 

It  is  not  clear  whether  some  26  percent  of  the  scattered  dust  background  around 
the  nucleus  arises  from  a jet  on  the  far  side  directed  away  from  the  spacecraft  or  whether 
it  arises  from  less  active  areas  spread  broadly  over  the  sunlit  side. 

The  strongest  jet  at  the  time  of  the  Giotto  mission  was  centered  41°  south  of  the 
projected  sunward  direction  and  apparently  arose  from  a polar  region.  Probably  a 
nutation  of  the  pole  with  a 7.4  day  period  caused  this  activity  to  change  with  that  period 
while  the  major  rotation  rate  near  2.2  days  was  around  a minor  axis  more  or  less 
perpendicular  to  this  direction. 

The  nature  of  the  jet  activity  on  the  Halley  comet  nucleus  and  the  battered 
appearance  of  the  nucleus  support  the  idea  that  comets  grew  from  the  encounters  of 
cometesimals,  perhaps  up  to  ~ 1000  meters  in  dimension.  High  velocity  encounters 
above  perhaps  - 100  m/s  would  release  latent  energy  of  amorphous  ices  and  chaotic 
chemicals  and  be  rather  destructive.  Lower  velocity  encounters  would  produce  matrix 
material  shattered  by  the  encounter  with  pristine  remnants  of  cometesimals  left 
embedded  in  it.  Probably  the  matrix  material  would  be  less  consolidated  and  more 
friable  than  the  cometesimals,  containing  larger  globs  that  could  be  blown  out  more 
easily  by  the  gas  in  dust  jets.  Thus  relatively  large  volumes  of  matrix  material  might  be 
lost  to  produce  chasms,  craters  and  general  "wasting"  effects  on  steep  slopes. 

Current  calculations  of  the  capture  of  comets  from  the  Oort  Cloud  indicate  that 
such  captures  could  not  produce  the  short-period  (SP)  comets  because  of  the  low 
inclinations  of  their  orbits  to  the  plane  of  the  ecliptic.  Hence  the  suggestion  has  been 
made  that  the  SP  comets  are  derived  from  comets  in  longer  period  orbits  formed  in  the 
main  disc  of  the  Laplace  nebula  and  still  moving  in  low-inclination  orbits  with  perihelia 
well  beyond  the  outer  planets. 

If  this  concept  is  true  and  the  Oort  Cloud  comets  were  formed  in  the  Uranus- 
Neptune  region  of  the  Laplace  nebula  before  being  thrown  out  to  great  distances,  these 
long-period  (LP)  comets  should  have  been  formed  in  a warmer  region  than  the  SP 
comets.  Also  they  might  have  been  more  battered  by  mutual  collisions  during  their 
growing  stages.  Hence  the  LP  comets  might  contain  fewer  amorphous  ices  and  less 
highly  volatile  material  than  the  SP  comets.  On  the  other  hand,  the  outer  layers  of  some 
"new"  LP  comets  appear  to  have  a thin  outer  layer  of  very  volatile  material,  probably 
formed  by  cosmic  rays. 
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10  <P<10^  yr,  with  only  3 in  the  range  10^<P<10^  yr  and  only  one  apparently  new,  viz., 
the  very  dusty  C/Arend-Roland  1957  HI.  Here  we  have  a suspicion  of  a relatively  old 
stellar  passage  or  passages.  In  any  case  these  comets  apparently  were  not  brought  in  by 
the  galactic  tide  and  not  "recently". 

The  BHL  cluster  is  interesting  because  it  contains  the  aphelia  of  P/Halley,  the 
infamous  C/Kohoutek,  1973  XII,  C/Morehouse,  1908  HI,  two  of  the  5 comets  (of  209) 
with  100<P<200  yr  and,  if  slightly  enlarged  the  Kreutz  sungrazers  and  10  of  the  20 
comets  listed  as  "Great"  in  Marsden’s  1986  catalogue.  On  the  other  hand,  the  newer  D 
cluster  contains  no  comets  of  especial  interest.  We  might  conclude  that  in  the  BHL 
cluster  we  find  large  interesting  comets  of  an  older  "comet  shower",  whereas  the  "new" 
cluster  contains  average  comets. 

Of  the  209  comets  with  high  quality  orbits  only  8 with  i<35°  and  l/a<10-4(AU)-l 
are  relatively  new  and  possible  progenitors  of  SP  comets.  Of  these  8,  5 were  well 
observed,  of  which  2 split,  2 developed  a conspicuous  disk  at  solar  distances  r > 5AU  and 
the  fifth  is  C/Kohoutek.  In  the  BHL  cluster  there  are  7 (the  GE  group)  with  aphelia 
concentrated  near  the  intersection  of  the  galactic  and  ecliptic  planes.  All  have  direct 
motion  (i<79<>)  and  P< 16,500  yr.  They  possibly  represent  comets  on  their  way  towards 
short  periods. 

For  a full  discussion  see  "The  Forest  and  the  Trees"  to  appear  in  the  Proceedings 
of  the  Colloquium  "Comets  in  the  Post-Halley  Era"  held  in  Bamberg,  FRG,  April  1989. 
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Cometaxy  Cratering  Rates  on  the  Terrestrial  Planets. 

G.  W.  Wetherill,  DTM,  Carnegie  Institution  of  Washington,  Washington,  D.C.  20015 

The  larger  terrestrial  planet  and  lunar  impact  craters  axe  produced  by  astronomi- 
cally observable  planet-crossing  bodies.  These  bodies  are  derived  from  collisions  in  the 
main  asteroid  belt  as  well  as  from  the  sources  of  comets  in  the  outermost  solar  system 
(35  - 105  A.U.).  It  has  been  shown  that  the  asteroidal  region  probably  supplies  about 
1/3  of  the  cratering  flux,  the  remainder  being  cometary  (Wetherill,  1989).  Although  the 
contribution  from  active  comets  is  significant  (Weissman  et  ah,  1989)  most  of  the  im- 
pacting cometary  population  probably  consists  of  extinct  or  at  least  dormant  comets  of 
asteroidal  appearance,  primarily  in  orbits  only  barely  distinguishable  statistically  from 
those  of  Apollo- Amor  objects  of  asteroidal  origin. 

These  conclusions  have  been  augmented  by  new  Opik- Arnold  Monte  Caxlo  calcula- 
tions of  the  probability  of  gravitationally  decoupling  short-period  comets  from  Jupiter’s 
influence  by  close  encounters  with  Earth  and  Venus.  The  probability  of  decoupling  is 
found  to  be  ~ 3 x 10”3.  When  combined  with  observational  data  on  the  observed 
number  of  active  short  period  comets  and  the  observed  number  of  Apollo- Amors,  a 
model  of  planetary  cratering  is  obtained  that  is  also  consistent  with  the  mass  flux  and 
orbital  distribution  of  the  survivable  small-size  end  member  Earth-crossing  population, 
the  meteorites. 

Duncan  et  al.  (1988)  have  shown  by  numerical  integration  that  the  orbital  dis- 
tribution of  Jupiter  family  comets  corresponds  to  that  expected  from  an  otherwise 
unobserved  “Kuiper  belt”  of  comets  just  beyond  Neptune,  and  is  inconsistent  with  the 
earlier  hypothesis  of  capture  of  long-period  Oort  cloud  comets  by  Jupiter.  By  use  of 
more  approximate  Monte  Caxlo  methods,  this  work  has  been  extended  to  include  the 
entire  cometary  source  region.  It  is  found  that  any  highly  flattened  inclination  distribu- 
tion, such  as  may  be  expected  to  be  found  for  cometaxy  aphelia  as  large  as  ~ 2000  A.U., 
is  acceptable,  but  no  isotropic  distribution  corresponding  to  derivation  of  short  period 
comets  by  capture  of  an  isotropic  distribution  from  either  the  inner  or  outer  Oort  cloud 
at  greater  aphelia  agrees  with  the  observed  orbital  distribution  of  short  period  comets. 
This  new  work  also  suggests  the  speculation  that  the  approximate  factor  of  two  discrep- 
ancy between  the  observed  lunar  and  terrestrial  cratering  rates  could  be  a stochastic 
effect  of  the  most  deeply  penetrating  passing  stax  having  perturbed  the  most  distant 
portion  of  the  inner  non-isotropic  region  (aphelion  ~ 2000  A.U.)  about  500  m.y.  ago, 
supplying  a moderate  pulse  of  Nep tune-crossing  comets  with  dynamic  lifetimes  108 
109  years,  that  then  slowly  evolved  into  Jupiter  family  comets  and  Apollo  objects. 
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COMETARY  PHYSICS  AND  DYNAMICS 

Paul  R.  Weissman,  Jet  Propulsion  Laboratory,  Pasadena,  CA  91109 

The  study  of  comets  has  wide  ranging  implications  for  many  other  areas  of  planetary 
science.  Comets  are  the  best  obtainable  source  of  preserved  solar  nebula  material  and  thus 
(xmtain  a cosmo-chemical  record  of  conditions  at  the  time  of  planetary  formation.  Comets  were 
likely  the  planetary  building  blocks  for  Uranus,  Neptune,  and  the  outer  planets’  satellites,  and 
may  constitute  a significant  fraction  of  the  mass  in  the  outer  solar  system.  Cometary 
bombardment  of  the  terrestrial  planets  (and  Titan)  likely  contributed  a significant  fraction  of 
the  volatile  reservoirs  of  these  planets.  Subsequent  cometary  impacts  on  the  Earth  may  have 
played  a role  in  initiating  global  biological  extinction  events.  This  report  details  a number  of 
areas  studied  in  the  past  year. 

Cometary  Masses  and  Terrestrial  Impact  Rates:  The  spacecraft  flybys  of  Comet  Halley 
in  1986  showed  that  cometary  nuclei  were  much  larger  and  darker  than  previously  expected 
(Sagdeev  et  al.,  1986;  Keller  et  al.,  1986),  leading  to  a sharp  revision  upward  in  the  predicted 
mass  of  the  nuclei.  The  average  nucleus  mass  is  now  estimated  at  3.8  x 1016  grams  (Weissman, 
1990a).  This  revision  has  a number  of  important  implications.  For  example,  the  estimated  total 
mass  of  comets  in  the  Oort  cloud  increased  sharply.  Based  on  current  dynamical  simulation 
results  (Duncan  et  al.,  1987;  Heisler,  1990)  the  population  of  the  Oort  cloud  is  now  estimated 
to  be  7.2  x 10  comets  with  a total  mass  of  45  to  50  Earth  masses.  Estimated  cratering  rates 
for  comets  on  the  Earth  are  also  increased  substantially.  It  is  found  that  the  majority  of 
cometary  impacts  occur  during  comet  showers  caused  by  random  passing  stars  and  encounters 
with  giant  molecular  clouds  in  the  galaxy.  Showers  account  for  approximately  17%  of  terrestrial 
craters  > 10  km  diameter,  versus  the  steady-state  flux  of  long  and  short-period  comets  which 
provides  about  12%  of  the  cratering  flux  (Weissman,  1990b).  Finally,  estimates  of  the  total 
mass  of  cometary  volatiles  which  may  have  bombarded  the  Earth  in  its  early  history  have  also 
increased,  in  some  cases  exceeding  the  current  total  mass  of  the  Earth’s  oceans. 

An  Upper  Limit  on  the  Mass  of  the  Kuiper  Belt:  The  existence  of  a cometary  belt  beyond 
the  orbit  of  Neptune  has  been  suggested  based  on  hypotheses  of  solar  system  formation 
(Cameron,  1962),  and  on  dynamical  arguments  with  regard  to  the  origin  of  short-period  comets 
(Duncan  et  al.,  1988).  A unique  test  of  the  existence  of  that  belt  can  be  made  using  Pluto’s 
satellite  Charon.  It  is  observed  that  Charon’s  orbit  has  a very  low  eccentricity,  < 10'3  (Tholen 
and  Buie,  1988).  Charon’s  orbit  is  tidally  damped  and  the  only  significant  perturbation  on  it 
would  come  from  impacts  by  cometary  nuclei.  Detailed  estimates  of  the  expected  impact  rates 
for  both  long-period  comets  and  comets  in  the  proposed  belt  beyond  Neptune,  called  the  Kuiper 
Belt,  show  that  the  Kuiper  Belt  comets  clearly  dominate  (Weissman  et  al.,  1989).  The  forced 
eccentricity  in  Charon’s  orbit  caused  by  the  summing  of  many  random  impacts  leads  to  an 
upper  limit  of  about  5 Earth  masses  of  comets  in  the  Kuiper  Belt,  based  on  the  current  upper 
limit  on  the  observed  eccentricity.  This  is  comparable  to  the  limit  which  was  set  based  on  radio 
tracking  of  Pioneer  10  and  11  (Anderson  and  Standish,  1986),  and  somewhat  more  than  the 
limit  based  on  the  lack  of  distant  perturbations  on  the  aphelion  of  Comet  Halley  (Yeomans, 
1986).  Continued  observation  of  Pluto-Charon  eclipse  events  may  lead  to  a refinement  in  the 
eccentricity,  which  could  in  turn  provide  a better  constraint  on  the  estimated  Kuiper  Belt  mass. 

Comet  HaUey  Brightness  Asymmetries:  Comet  Halley  was  anomalously  bright  at  large 
distances  from  the  Sun,  in  particular  on  the  post-perihelion  leg  of  its  orbit  where  it  was  four 
magnitudes  brighter  than  when  inbound  at  comparable  distances.  Newburn’s  (1984)  empirical 
photometric  model  for  converting  visual  magnitudes  to  gas  production  rates  was  used  on  826 
magnitude  observations  ranging  from  1 1.0  AU  inbound  to  8.2  AU  outbound,  compiled  by  Green 
and  Morris  (1987).  The  results  were  compared  with  the  expected  gas  production  from  a 
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sublimating  ice  sphere  with  surface  area  of  the  Halley  nucleus  and  with  30%  ofthesurface 
active,  and  with  the  albedo,  pole  orientation,  and  rotation  period  (2.2  days)  of  Halley.  The 
increased  gas  production  immediately  post-perihelion  is  explained  by  seasonal  effects  on  an 
obliquely  rotating  nucleus,  where  the  large  change  in  true  anomaly  as  the  comet  goes  through 
perihelion  results  in  a rapid  change  in  the  latitude  of  the  sub-solar  point  (Weissman,  1987)  ,Th® 
northern  hemisphere  of  the  nucleus  is  poorly  illuminated  pre-perihelion  and  is  then  suddenly 
fully  illuminated  right  at  the  comet’s  closest  point  to  the  Sun.  This  causes  substantial  therma 
stresses  in  the  nucleus  surface,  breaking  up  the  existing  crust  and  greatly  increasing  the  fraction 

of  active  area  on  the  nucleus  surface.  , . , 

The  proposed  explanation  for  the  continued  brightness  at  large  solar  distances  outbound 

is  more  speculative.  Radar  observations  of  comets  show  evidence  of  large  clouds  of  de  ris 
around  nuclei,  including  Comet  Halley  (Campbell  et  al„  1989).  It  is  possible  that  these  clouds 
of  icy-silicate-hydrocarbon  conglomerate  act  as  a secondary  source  of  coma  gases  and  us 
continuing  to  sublimate  at  very  low  rates  far  from  the  Sun,  but  with  a vastly  increased  total 
surface  area.  These  large  particles  are  blown  off  the  nucleus  during  the  comet  s most  active 
phase  around  perihelion,  and  thus  are  only  seen  on  the  outbound  leg.  By  the  time  Comet 
Halley  returns  to  perihelion,  the  cloud  of  debris  has  dispersed  and  only  the  primary  nucleus 
remains.  This  matches  estimates  by  Sykes  et  al.  (1986)  that  debris  discovered  in  short-period 
comet  orbits  by  the  IRAS  satellite  may  be  tens  of  years  old,  long  compared  to  the  orbital 
periods  of  most  Jupiter  family  short-period  comets,  but  short  compared  to  the  76-year  orbi  a 

period  of  Comet  Halley.  . , . . 

Physical  Processing  of  Cometary  Nuclei:  The  common  perception  of  cometary  nuclei  is 

that  they  are  unprocessed  interstellar  and  proto-solar  nebula  material,  aggregated  at  low  velocity 
and  at  very  low  temperature.  However,  a detailed  examination  of  the  expected  physica 
processing  that  comets  have  likely  encountered  over  the  history  of  the  solar  system  shows  that 
This  is  not  the  case  (McSween  and  Weissman,  1989),  and  that  the  expected  processing  is  in 
many  ways  similar  to,  though  more  subtle  than,  that  for  meteorites.  Alteration  processes  may 
occur  during  comet  formation  in  the  outer  planets  region,  during  their  dispersal  to  or  residence 
within  the  Oort  cloud,  and  after  their  return  to  the  planetary  region.  Processes  that  may  have 
significantly  modified  cometary  nuclei  include  heating,  impacts,  and  irradiation.  Possible 
consequences  include  phase  changes  in  ices,  hydration  reactions  in  silicates  synthesis  of  organic 
compounds,  collisional  disruption  and  reaccretion,  shock  and  irradiation  effects  in  minerals  an 
ices,  cosmogenic  nuclide  formation,  redistribution  or  loss  of  volatiles,  and  formation  of  a 
refractory  veneer.  A model  of  cometary  nuclei  that  emerges  from  these  considerations  provides 
a framework  for  understanding  observations  of  comets  and  future  samples. 
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Rotation  of  Halley’s  Comet 

S.  J.  Peale(UCSB)  and  Jack  J.  Lissauer(SUNY  at  Stony  Brook) 

The  two  distinct  periodicities  of  2.2  days  and  7.4  days  inferred  from  the  coma 
structure  and  light  curves  of  Halley’s  comet  together  with  the  irregular  shape  of  its 
nucleus  suggest  that  the  nucleus  is  not  in  a state  of  principal  axis  rotation.  We  model 
this  situation  using  numerical  simulations  supported  by  analytic  calculations.  It  is  easy 
to  numerically  generate  light  curves  from  modulated  jets  of  material  which  exhibit  both 
periodicities  if  we  choose  initial  conditions  for  a representative  nucleus  such  that  the 
shorter  period  is  the  rotation  period  and  the  longer  period  is  that  of  precession  of  the 
spin  vector  in  the  body  frame  of  reference.  The  dominant  spectral  power  in  such  curves 
most  often  corresponds  to  the  7.4  day  period  unless  the  amplitude  of  precession  is  very 
small.  Although  curves  similar  to  those  observed  over  short  time  intervals  are  obtained 
tor  precession  about  either  of  the  axes  with  extreme  moments  of  inertia,  the  observed 
marked  seasonal  changes  in  the  light  curve  are  only  produced  for  precession  about 
the  axis  of  maximum  moment  of  inertia.  The  generation  and  stability  of  a wobble- 
type  rotation  state  is  investigated  by  numerically  solving  Euler’s  equations  for  the 
reaction  torque  from  a jet  of  ejected  material.  A nonprincipal  axis  rotation  is  easy  to 
excite  from  an  initial  rotation  about  the  axis  of  maximum  moment  of  inertia  (minimum 
energy)  only  if  the  nucleus  is  nearly  axisymmetric.  Except  for  almost  perfect  axial 
symmetry,  excitation  of  a precession  about  the  axis  of  minimum  moment  of  inertia 
is  always  frustrated  by  an  initial  precession  about  the  axis  of  maximum  moment  of 
inertia.  In  the  more  probable  case  of  significant  triaxiality,  even  a precession  of  the 
spin  about  the  axis  of  maximum  moment  of  inertia  is  difficult  to  excite  from  an  initial 
minimum  energy  state,  and  it  can  change  only  slowly  from  the  jet-induced  torques. 
However,  this  slow  change  could  suffice  to  generate  a substantial  amplitude  wobble 
from  the  cumulative  effects  of  many  apparitions.  The  damping  time  for  the  wobble 
is  0(10  to  10  ) years,  which  rules  out  a primordial  origin  of  a wobble  but  allows  a 
gradual  excitation.  Significant  changes  in  the  spin  angular  momentum  can  occur  in 
a single  apparition,  but  the  stability  of  the  amplitude  of  precession  about  the  axis  of 
maximum  moment  of  inertia  means  that  a rotation  state  which  is  relatively  stable  over 
many  apparitions  is  not  unreasonable.  The  improbability  of  exciting  a spin  precession 
about  the  axis  of  minimum  moment  of  inertia,  the  relative  instability  of  this  state  to  the 
jet-induced  torques  and  the  small  probability  of  observing  significant  seasonal  changes 
in  the  light  curve  in  this  state  all  favor  the  model  in  which  Halley’s  nucleus  precesses 
about  the  axis  of  maximum  moment  of  inertia. 
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On  the  Density  of  Halley’s  Comet 

S.  J.  Peale(UCSB) 

The  density  of  Halley’s  Comet  is  determined  as  a function  of  a parameterized  time 
of  visibility  of  ejected  material,  as  a function  of  the  angular  deviation  a from  the  Sun- 
comet  direction  of  the  averaged  reaction  force  due  to  jets  of  ejected  material  when  a 
is  assumed  independent  of  orbital  position,  and  as  a function  of  thermal  inertia  for  a 
variable  a.  The  variation  of  the  averaged  gas  ejection  rate  from  the  nucleus  as  a function 
of  orbital  true  anomaly  is  estimated  by  using  the  light  curve  of  Green  and  Morris  (1987) 
calibrated  by  the  ejection  rate  at  1.28  radians  past  perihelion  (0.89  AU)  found  from 
the  spacecraft  flybys.  Estimates  of  the  H20  production  rate  deduced  from  several 
observational  data  sets  are  scattered  around  the  gas  production  rate  determined  from 
the  light  curve  except  very  near  perihelion  where  the  observationally  based  estimates 
are  scarce  and  generally  fall  below  the  rate  determined  from  the  light  curve.  Although 
some  of  the  densities  obtained  by  this  procedure  are  in  reasonable  agreement  with 
intuitive  expectations  of  densities  near  1 g/cm3,  the  uncertainties  in  several  parameters 
and  assumptions  expand  the  error  bars  so  far  as  to  make  the  constraints  on  the  density 
uninformative.  So  many  of  these  uncertainties  apply  to  all  procedures  proposed  tor 
determining  the  density  that  we  conclude  that  secure,  informative  constraints  on  the 
density  of  any  cometary  nucleus  must  await  the  time  of  spacecraft  rendezvous  with 
that  nucleus.  In  particular,  the  suggestion  that  cometary  nuclei  tend  to  be  very  fluffy, 
underdense  objects  should  not  yet  be  adopted  as  a paradigm  of  cometary  physics. 
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IS  COMET  HALLEY  A SOLAR  NEBULA  CONDENSATE  ? S.  Engel,  J.S.  Lewis,  and  J.l. 
Lunine  (LPL/U.  of  Arizona) 

Comets  are  the  best  probes  of  the  physical  and  chemical  conditions  in  the  outer  solar 
nebula  during  planet  formation  despite  the  controversy  regarding  their  formation 
environment.  This  paper  will  address  whether  they  are  products  of  the  same  condensation 

sequence  whereby  planets  and  asteroids  formed,  or  if  they  are  agglomerations  of  interstellar 
grains. 

Since  water-ice  is  stable  at  roughly  5 AU  comet  formation  may  have  occured  relatively 
close  to  the  sun.  Dynamical  studies  do  not  seem  to  confirm  this,  since  Jupiter  and  Saturn 
tend  to  eject  the  majority  of  icy  planetesimals  to  interstellar  space  and  not  to  the  Oort  cloud 
[1],  Hence  cometary  formation  zones  further  out  in  the  Uranus-Neptune  region  (20  to  30 
AU)  or  regions  far  out  in  the  solar  nebula  (10^  and  more)  were  suggested  [2J. 

Carbonaceous  dust  on  the  surface  may  give  comets  low  albedos  and  red  spectral 
properties.  Similar  spectral  properties  are  observed  in  outer  belt  asteroids  (spectral 
classes  D,P  and  C).  It  was  suggested,  that  some  of  these  asteroids  are  extinct  or  dormant 
comets  based  on  dynamical  and  spectroscopic  grounds  [3].  More  clues  for  a connection 
between  comets  and  meteorites  were  found  in  interplanetary  dust  particles  (IDPs)  collected 
in  the  Earth's  stratosphere.  Comets  are  the  major  source  of  IDPs,  but  it  is  not  known  to  what 
extent  asteroids  contribute  to  that  number  [4].  Spectral  signatures  of  IDPs  are  consistent 
with  carbonaceous  dust  found  in  comets  but  are  also  in  agreement  with  the  composition  of 
outer  solar  system  asteroids.  This  might  suggest  that  some  asteroids  and  comets  accreted  in 
the  same  surrounding  in  the  outer  solar  nebula. 

The  comet  Halley  data  show  high  abundances  in  CH4,  C02  and  NHg  which  seem  at  first 
glance  inconsistent  with  a solar  nebula  origin.  However,  when  physical  and  chemical 
interactions  of  CO  and  N2  molecules  with  their  surroundings  are  considered,  more  CH4,  C02 

and  NHg  are  available  in  the  outer  solar  nebula  than  was  predicted  by  earlier  simple  models 
of  chemical  processes.  A model  was  developed  to  explain  the  volatile  composition  (CO,  CH4, 
C02.  N2,  NH3)  in  comet  Halley  as  a solar  nebula  condensate.  In  these  investigations  the 
CO/CH4,  C0/C02  and  N2/NH3  ratios  will  be  discussed.  Assumed  was  a CO-N2-  dominated 

outer  solar  nebula  and  elemental  abundances  were  calculated  for  a distance  20  AU  from  the 
sun.  Mixing  rates  applied  range  from  inefficient  mixing  to  efficient  mixing. 

Besides  calculating  gas  phase  abundances  at  certain  temperatures  a number  of  other 
processes  were  included  in  the  model:  1)  a change  in  the  elemental  O to  C ratio  to  lower 
values  in  the  inner  region  of  the  nebula  due  to  diffusive  redistribution  of  water  vapor  [5], 
2)  surface  catalyzed  reactions  on  metal  grains  which  lower  quench  temperatures  [6],  3) 
mixing  of  molecular  species  from  the  inner,  chemically  active  part  of  the  nebula  to  the 
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region  of  comet  formation  [7,8]  4)  fractionation  due  to  clathrate-hydrate  formation  and 
condensation  of  volatiles  in  the  outer  (colder)  part  of  the  nebula. 

For  a quench  temperature  of  700  K and  roughly  10%  mixing  efficiency  for  CH4  and  C02 
from  the  inner  solar  nebula  into  the  CO-rich  outer  solar  nebula  the  carbon  composition  in 
comet  Halley  can  be  explained  with  our  model.  Unfortunately  the  same  scenario  doesnt 
explain  the  nitrogen  abundances.  The  N2/NH3  ratio  measured  in  comet  Halley  is  lower  then 
the  one  calculated  for  the  solar  nebula.  A possible  explanation  is  that  the  abundances  of  CH4 
and  NH3  are  determined  in  a proto-planetary  subnebula  [9].  A problem  with  this  theory  is 
that  the  dynamical  aspects  of  mixing  these  components  out  of  such  a subnebula  remain 
highly  speculative.  On  the  other  hand,  an  interstellar  origin  for  NH3  seems  to  be  possible. 
Icy  planetesimals  could  have  been  accreted  in  molecular  clouds  that  show  high  abundances  in 
NH3,  CO,  C02  and  H2CO.  These  cometesimals  then  would  have  been  mixed  with  cometesimals 
formed  in  the  outer  solar  nebula  and  accreted  into  a cometary  parent  body.  In  general  this 

would  support  the  view  of  a comet  as  an  agglomerate. 

Our  results  show  that  while  some  molecules  (CO,  CH4,  C02)  indicate  a solar  nebula 

origin  for  comet  Halley,  others  suggest  contamination  by  interstellar  material  (NH3, 
H2CO).  This  would  imply,  that  at  least  in  the  outer  part  of  the  nebula  mixing  was  imperfect. 
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The  Influence  of  CO  Ice  on  the  Activity  and  Near  Surface 
Nuclei 

Fraser  P . Fanale  and  James  R.  Salvail,  Hawaii  Institute  of 
Hawaii,  Honolulu,  Hawaii  96822  U.S.A. 


Differentiation  of  Comet 
Geophysics,  University  of 


°^ati°ns  of  comets,  especially  Comet  Halley  (Festou  et  ah,  1986- 

suceestinl  thk/ m m^lcated  the  Presence  of  significant  concentrations  of  Co’ 

suggesting  that  CO  ice  may  be  a more  abundant  component  of  cometary  ice  than  was 

previous^  thought.  CO  may  be  responsible  for  the  activity  of  comets  at  large  dis- 
tances  from  the  sun,  where  the  volatility  of  H20  is  too  low  to  account  for  the  observed 

thmuaV,  ffe-Semme,I1982^  Tbls  saems  to  be  particularly  true  for  comets  passing 
the  "“f  solar  syste™  for  the  first  time.  C02  has  generally  been  regarded  a! 
being  the  second  most  abundant  cometary  ice  next  to  H20,  but  the  weight  of  current 
observational  evidence  seems  to  indicate  that  CO  may  be  as  abundant  or  even  more 
abundant  than  C02.  Free  CO  ice  can  be  mixed  with  H20  and  other  ices  or  CO 
molecules  can  be  trapped  in  H20  lattices  to  form  a clathrate.  It  has  been  shown  that 
that  thb  imeS  fr°m  -tberic!athrat®  at  a higher  temperature  than  in  the  free  state  and 
i>reS^nCAeii°f  C°iUi1  “ H2P  matrix  increases  the  effective  volatility  of  H20  ice 
Allamandola,  1988).  Amorphous  H20  ice  has  also  been  shown  to  trap 
more  volatile  gases  (Bar-Nun  et  al.,  1985  and  1987).  P 

rhoTT^°?^«-et  a]'-  (f985)  were  the  first  to  develop  a detailed  thermal  model  of  the 
chemical  differentiation  of  a comet  nucleus  composed  of  two  ices,  H20  and  C02  plus 

^oTnte^for^^pffr^  SfVai1  i1987}  devf°Ped improved  model  that  additionally 
the  effects  of  a spherical  nucleus  shape,  nucleus  rotation,  orientation  of 

outflow^  bv  th?H2nt  conduction  into  the  ulterior  of  the  nucleus,  restriction  of  the  gas 
outflow  by  the  H20  ice  and  dust,  the  use  of  thermal  conductivities  for  both  amorphous 

crvstamne  H2C>H£?  1C®  and  backing  of  the  boundary  between  the  amorphous  and  the 
JnA  won  ^\ese  F10^8  calculate  the  ice  temperatures,  the  fluxes  of  C02 

these^M  th^  delh  °f  002  38  functi°ns  of  heliocentric  distance.  Both  of 

k-i  +baS!i°n^f.e  assumPtlon  that  the  ice  is  a coherent  matrix  with  a sig- 
mficant  tensile  strength.  This  assumption  is  controversial,  since  it  is  widely  believed 
. ometary  material  is  a mbcture  of  loose  or  very  weakly  cohering  particles  held 

ovS^n1 ? y y ^aVlty^  this  18  .the  highly  volatile  ices  would  eject  all  the 
. y 1Ce  Pams’  “d  no  material  differentiation  could  occur.  Also  H20  ice 

grams  should  have  been  observed  much  more  frequently  than  has  been  the  case  If  the 

H2oTSnf  majeriai  3X6  ^ructured  and  sufficiently  coherent! Tiayer  of 

H20  ice  and  dust  will  be  produced  as  the  volatile  ices  are  sublimated  and  lost  from  the 
nucleus.  This  layer  would  continue  to  grow  until  a comet  is  within  a few  AU  from  the 
sun  at  which  time  H20  sublimation  becomes  significant.  Then  the  water  ice  layer 
becomes  eroded,  and  a thin  layer  of  coarse  nonvolatile  particles  accumulates  on  the 
surface,  ff  the  perihelion  is  inside  1 to  2 AU  of  the  sun,  all  the  nonvolatile  particles  are 
ejected  from  the  nucleus.  On  the  outbound  part  of  the  orbit  the  processes  are  reversed 
in  sequence,  and  the  water  and  dust  layer  thickens  again. 

i „ c°mputer  program  used  in  our  previous  work  (Fanale  and  Salvail,  1987)  has 

tbntftheH2G  T tm-  COn‘ablin8  00  hmtead  of  002  ice,  in  kddi- 

and  duet,  and  having  the  orbit  of  comet  Halley.  Temperatures  of 

CO  S W h t T*?*-  thC  of  00  Md  H2°  and  the  depth  of  the 

CO  ice  hThe  b„re"  Cakui  ? for  various  cases  of  pore  size,  porosity  and  the  fraction  of 

ShUtv  rfrtiemo?  °f  C°  also  ha*"  calculated  and  related  to  the 

stability  of  the  H20  ice  and  dust  mantle  and  the  possibility  of  H2Q  ice  grain  emission 
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For  our  model  it  was  found  that  CO  gas  production  exceeds  H20  gas  production 
for  heliocentric  distances  greater  than  2.5  AU.  CO  gas  production  from  c°™ets 
their  first  orbit  is  greater  than  that  for  succeeding  orbits  for  distances  less  than  10  to 
12  AU  before  perihelion,  and  the  difference  can  be  as  much  as  three  orders  of  magni- 
tude. After  perihelion  there  is  little  difference  in  CO  gas  production  between  the  first 
and  succeeding  orbits.  It  was  also  found  that  for  a Halley  type  of  orbit  CO  ice  should 
always  exist  within  three  meters  from  the  surface.  Shortly  after  perihelion  CO  ice  may 
exist  within  a few  tens  of  centimeters  from  the  surface.  This  has  important  implica- 
tions for  design  of  in  situ  elemental  nucleus  analysis  experiments.  The | CO  gas  output 
has  not  been  found  to  depend  significantly  on  the  permeability  of  the  H20  ice  and 
dust  mantle.  CO  ice  is  only  15  to  20%  deeper  for  a mantle  with  an  average  pore  size  oi 
10  microns  than  for  one  having  and  average  pore  size  of  1 micron.  The  reason  is  that 
the  higher  temperatures  in  a low  permeability  mantle  tend  to  compensate  for  the 
reduced  area  of  the  flow  passages  in  the  porous  ice.  The  subsurface  CO  gas  pressure  is 
much  less  than  is  needed  to  rupture  a mantle  of  annealed  water  ice.  If  the  H20  ice  is 
in  the  form  of  small  ice  grains  having  negligible  tensile  strength,  no  stable  H20  ice 
mantle  could  be  maintained  in  the  presence  of  the  large  CO  gas  pressures  unless  some 
cohesive  forces  such  as  those  observed  among  silicate  ’mantle  grains  in  several  comet 
simulation  experiments  are  operating.  Such  cohesive  forces  may  be  comparable  to  our 
suggested  range  of  CO  pressures  based  on  laboratory  experiments.  This  may  account 
for  episodic  changes  in  regional  activity.  If  loose,  dusty  H20  ice  grains  exist  on  a 
cometary  surface,  they  can  be  ejected  in  the  micron  size  range  by  CO  gas  for  most  of  a 
Halley  type  orbit. 
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A THREE-DIMENSIONAL  PROTOSTELLAR  COLLAPSE  MODEL 
INCLUDING  RADIATIVE  TRANSFER 


Elizabeth  Myhill  and  William  M.  Kaula 
Department  of  Earth  and  Space  Sciences, 

University  of  California,  Los  Angeles. 

We  have  developed  a three-dimensional  Cartesian  code  for 
protostellar  collapse  which  is  second-order  accurate  and  treats 
effects  of  radiative  transfer  through  the  Eddington  approximation. 
The  principal  equations  governing  the  collapse  are  the  mass,  momentum, 
and  energy  conservation  equations.  The  source  terms  in  these 
equations^  are  evaluated  with  a second-order  centered  difference 
method , while  the  advection  terms  are  calculated  with  the  Van  Leer  up- 
wind interpolation  scheme  (1).  The  source  and  advection  terms  are 
evaluated  separately  with  an  update  of  momentum  in  between  because 
this  has  been  found  to  suppress  numerical  noise  (2).  To  determine  th 
gravitational  potential  of  the  density  distribution,  a method  involv- 
ing Fourier  transforms  and  Green1 s functions  is  used  to  inv®rJ 
Poisson's  equation  (3).  The  mean  intensity  equation,  which  is  needed 
to  determine  the  radiative  flux,  and  the  equations  of  state  for  the 
energy  and  pressure  are  solved  following  Boss  (4) . The  gas  is  assu 
to  be  a mixture  of  hydrogen,  helium,  and  heavier  elements.  The  disso- 
ciation of  hydrogen  molecules  and  the  ionization  of  hydrogen  atoms  are 
both  considered.  The  mean  opacity  values  are  given  by  Pollack  et 
al  f5).  To  test  the  second-order  finite  difference  scheme,  we  com- 
pared our  calculations  to  the  analytical  solutions  for  isothermal , 
pressureless  collapse  (6).  To  further  check  the  isothermal  code, 

which  does  not  include  the  effects  of  radiative  transfer,  we  used  the 
standard  test  case  by  Bodenheimer  and  Boss  (7)  for  the  self-gravita 
ting  collapse  of  a rotating,  isothermal  protostellar  cloud.  Our  re- 
sults agree  with  their  calculations.  We  began  with  a roughly  spheri- 
cal cloud  in  a 31x31x31  grid  point  box.  The  initial  ratios  of  thermal 
to  gravitational  energy  and  of  rotational  to  gravitational  energy  were 
set  to  .25  and  .20  respectively.  We  imposed  an  m=2  mode  density  per 
turbation  and  ran  the  code  for  1.39  free  fall  times,  where  one  free 
fall  time  is  the  time  that  it  would  take  a cloud  to  collapse  to  a 
gularity  if  thermal  pressures  were  ignored.  Figures  1 and  2 show  the 
diffuse  binary  which  formed  after  .81  and  1.39  free  fall  times. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
(?) 
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1 .39  free-fall  time 

- a well-defined  binary  system  has  formed 

-the  density  maxima  are  now  approximately 
600  times  the  initial  value 

- the  binary  has  rotated  roughly  90  degrees 

Figure  2 
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NUMERICAL  INVESTIGATION  OP  DYNAMICAL  STABILITY  IN 
THE  SOLAR  SYSTEM  ON  A LARGE  PARALLEL  PROCESSOR 

William  I.  Newman1,  William  M.  Kaula1, 

Eugene  Y.  Loh  , and  Gary  D.  Doolen3 

Exploration  of  the  stability  of  test  particles  both 
etween  the  planets  and  near  Lagrangian  points , has  been 

is  capable  of  2^  ^Jne?tion  Machine  Computer.  The  CM-2 

t?nn«P  bi  f 2 ~ 65,536  simultaneous  independent  calcula- 

7Han“  eocentrioities  up  to  0.35  and  inclinations  ?o 
sin  o.7  are  being  tested. 

mnn!^'r^nce  ln  Jupiter-Saturn  band  (Weibel  et  al 

) indieates  that  runs  for  a band  near  a planet  of  mass  m 
WH1  have  to  extend  at  least  10*  (mj/m)  re^lutions,  whSre 

h^hS  m?SS  Jupiter-  Hence:  one  band  at  a time  is  be- 
o?9*  h explored;  planet  orbits  interior  to  the  inner  planet 
al  nian£?  repr®?en^ed . fay  Fourier  Series;  and  the  terrestri- 

terPlror  tfnC0^>;Ln?d  Wlth  3 Sun-  f°r  inte9rations  beyond  Jupi- 
ter (or  in  its  Lagrange  regions) . Because  the  parallel 

13  .difKfl,CUlt  t0  adapt  to  "on-uni foVtime  iteps 

particles  perturbed  into  collision  (or  ejection)  trajecto- 
ii^order  dlScarded  and.  replaced  by  ones  close  to  survivors, 
lv.  ^he^e^-T1?  regi°r?®  °f  Possible  stability  more  dense- 
ly.!-. ests  for  collision  take  into  account  longitude 

differences  at  orbit  crossings  so  as  to  preserve  any  chance 
resonances  (analogous  to  the  Trojans  and  Pluto) . 

rate°^Hi!??'tantI  ?afe  haS  been  taken  to  develop  an  accu- 
aJ?d  ?fficient  integrator.  The  round-off  and  stability 

have  beln1^03  Cowell"stormer  type  integration  schemes 

0^  Henrfci  n ^ Y investlgatfd,  extending  the  procedures 
r Henrici  (1962) . We  established  the  formal  stabilitv 

properties  of  these  integration  methods  for  orders  2-18  and 

Irtlr*' ed  lmportant.  results  germane  to  accumulated  round-o?? 
error.  Our  analysis  indicates: 

o the  maximum  stable  integration  step  systematic! i« 

”onl?J r ,the  °rd6r  of  the9integratio„PSc^;abi?  lly 

° 5he  cuinulative  round-off  error  steadily  increases  with 
the  order  of  the  integration  scheme;  so  leases  with 

diminishes  wTttordlr  ad,"lSSible  inte9rati°n  stePs  strongly 

natiSieofa??mSei2g  dev®loped  for  choosing  the  optimum  combi- 
nation of  time  step  and  order  for  each  integration. 
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PLANETARY  ACCRETION  RATES:  ANALYTIC  FORMULAE 
CONFIRMED  BY  A VARIETY  OF  NUMERICAL  SIMULATIONS 

R.  Greenberg  and  W.F.  Bottke,  Lunar  and  Planetary  Lab,  Univ.  of  Arizona,  Tucson 

The  dynamics  of  encounters  of  planetesimals  with  growing  planetary  embryos  have  been 
traditionally  modelled  using  a two- body  approximation  (1).  Greenberg  et  al.  (2)  discovered 
that  random  velocities  V (corresponding  to  orbital  eccentricities  and  inclinations)  during  ac- 
cretion dropped  so  low,  relative  to  the  embryos’  escape  velocities  Ve , that  approaches  were 
governed  predominantly  by  keplerian  shear  rather  than  by  the  random  motion.  They  noted 
that  the  traditional  methods  for  estimating  impact  rates  needed  to  be  re-examined  before  use 
in  this  low-  velocity  regime. 

Comparison  of  numerical  integration  of  orbital  motion  with  results  of  the  two-body 
method,  led  Wetherill  and  Cox  (3)  to  conclude  empirically  that  the  latter  did  not  work  for 
V/Ve  ~ 0.1.  However,  Greenberg  et  al.  (4)  found  that  two-body  behavior  is  a good  approx- 
imation of  encounters  even  at  such  low  velocities,  if  one  takes  into  account  the  way  that  the 
approach  trajectory  sets  up  the  encounter  geometry. 

This  discovery  provided  the  foundation  for  an  analytic  evaluation  of  impact  rates  (5), 
which  takes  into  account  the  transition  from  governance  of  approach  by  random  motion  to 
governance  by  keplerian  shear.  It  was  found  that  this  transition  takes  place  near  V/Ve  ~ 
(2xpa3 /3M )-1/6  or  about  0.1,  which  explains  the  limit  found  in  (3).  (Notation  here  follows 
(5).)  For  larger  V/Ve  (Regime  A),  the  usual  formula  with  two-body  gravitational  cross-section 
applies: 


Impact  rate  ~ 7rr2(l  + V2 /V2)<J7if 2 ( A ) 

For  smaller  V/Ve  (Regime  B),  approach  dynamics  enhance  the  accretion  by  an  additional 
factor  oc  V/Ve  (5): 


Impact  rate  ~ 7rr2 V2a/(4m/M)l^3Va  ( B ) 

We  note  further  that  once  the  gravitational  cross-section  is  larger  than  the  disk  thickness, 
which  occurs  for  V/V€  ~ (27rpa3/3M)“1^3  (Regime  C),  the  two-dimensional  formula  applies: 


Impact  rate  ~ 4raVe  (C) 

These  analytic  formulae,  although  intended  to  be  only  approximate,  agree  very  well 
with  impact  rates  found  by  three-body  orbital  integration  (3,6,7).  Several  examples  of  the 
agreement  are  shown  on  the  next  page.  The  predictive  success  of  these  formulae  indicates 
that  we  now  have  a reasonably  good  understanding  of  some  of  the  fundamental  processes 
controlling  impact  rates. 
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PLANETARY  ACCRETION  RATES:  Greenberg,  R.  and  Bottke,  W.F. 


Figures:  Plots  of  impact  rates  for  cases  studied  in  numerical  experiments  (3,6,7)  for  a 
variety  of  values  of  a,  q,  and  m.  Solid  lines  are  our  analytic  model  in  regimes  A,  B , an  . 
Scaling  matches  that  used  in  each  numerical  study.  Data  points  in  (a)  are  from  ig.  ( h 
in  (b)  are  from  Fig.  2 of  (8)  based  on  (6),  and  in  (c,d,e,f)  are  from  Figs.  8a,b,c,d  of  (7). 
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MAPPING  EFFECTS  OF  DISTANT  PERTURBATIONS 
ON  PARTICLE-PLANET  ENCOUNTERS 

W.F.  Bottke  and  R.  Greenberg,  Lunar  and  Planetary  Lab. 

Univ.  of  Arizona,  Tucson 

G.B.  Valsecchi  and  A.  Carusi,  IAS  Reparto  Planetologia,  Rome 

The  Opik  method  (1)  for  estimating  the  effects  of  gravitational  encounters  of  a 
particle  ( e.g . planetesimal)  with  a planet  or  a planetary  embryo  breaks  down  for  small 
encounter  velocities  because  the  distant-approach  trajectories  are  slightly  modified  by 
perturbations  of  the  heliocentric  orbits  (2),  not  because  of  a breakdown  (suggested 
in  3)  of  the  two- body  approximation  at  encounter.  According  to  (2),  the  distant 
perturbations  change  the  geometries  of  arrival  at  the  planet,  usually  keeping  the  same 
arrival  relative  velocity  as  the  unperturbed  trajectory,  but  shifting  the  approach  path 
parallel  to  the  unperturbed  one.  Thus  a beam  of  particles  on  initially  parallel  paths 
targeted  to  be  centered  on  a head-on  collision  was  generally  shifted  by  distant  approach 
perturbations  so  particles  near  the  edge  of  the  beam  actually  encountered  the  planet 
head-on  (2).  It  was  speculated  (2)  that  this  shift  might  conserve  the  outcome  statistics 
by  replacing  particles  shifted  away  from  the  planet  by  others  shifted  closer. 

To  test  that  hypothesis,  for  a variety  of  cases  we  have  numerically  followed  the 
evolving  distant  perturbations  of  a beam  of  particles  en  route  to  a planet.  At  any  point 
in  their  approach,  their  orbits  can  be  represented  by  the  arrival  paths  they  would  have  if 
allowed  to  proceed  unperturbedly  to  the  planet.  Thus  a beam  of  particle  that  actually 
followed  the  Opik  approximation  would  be  represented  by  a set  of  unchanging  parallel 
arrival  vectors.  A shifted  beam  as  described  in  (2)  would  appear  to  shift  gradually 
sideways,  while  retaining  its  formation. 

We  plot  the  characteristics  of  such  an  approaching  beam  as  a set  of  darts  hitting 
a target  plane  (or  “b-plane”)  centered  on  the  planet.  The  length  and  direction  of  a 
dart  show  its  relative  velocity  and  the  tip  is  at  the  arrival  position.  The  plots  show  a 
view  direction  normal  to  the  target  plane.  Information  on  the  length  of  a dart  is  given 
by  the  size  of  a dot  on  its  tail.  The  plots  shown  here  show  the  initial  trajectory  set 
needed  in  order  to  arrive  as  a centered  parallel  beam  at  a planet. 

We  can  only  show  a couple  of  sample  results  without  quantitative  consideration, 
due  to  short  space.  Fig.  1 shows  a case  where  the  beam  is  simply  shifted  sideways  by 
distant  approach  perturbations.  Fig.  2 shows  a much  more  complex  evolution  because 
the  particles  are  on  orbits  with  extremely  low  eccentricities.  Units  of  distance  are  in 
terms  of  the  planet’s  orbital  radius.  Analysis  of  our  extensive  set  of  such  evolution 
diagrams  is  providing  insight  into  the  statistical  mechanics  of  encounters,  which  will 
be  useful  in  modeling  planetary  accretion. 
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Runaway  Planetesimal  Growth:  Agreement  Between  Analytical  Solution  of  the  Coag- 
ulation Equation  and  the  Results  of  Numerical  Physical  Modelling. 

G.  W.  Wetherill,  Department  of  Terrestrial  Magnetism,  Carnegie  Institution  of  Wash- 
ington, Washington,  D.C.  20015 

The  growth  of  a swarm  of  planetesimals  initially  of  mass  m0  by  accumulation  of  one 
another  is  often  described  in  terms  of  a coagulation  equation  (1,2,3): 

d 1 v-  , y™' 

dtnk  = 2 ^ Aijnini  -nk2^Aikni  eqn.  ( 1) 

i=l 

where  the  nk  are  the  number  of  bodies  of  mass  m0k  at  time  t,  and  the  “kernel”  Atj  is 
the  probability  of  collision  of  bodies  of  mass  im0  and  jm0  per  unit  time.  In  general, 
the  Aij  are  nonlinear  functions  of  the  masses,  velocities,  and  physical  properties  of  the 
planetesimals  and  no  general  analytical  solution  can  be  found.  Analytical  solutions 
have  been  published  only  for  the  cases  A t]  oc  (m,  + my)  and  A,y  = constant.  Both 
of  these  solutions  correspond  to  orderly,  non-runaway  growth.  Ohtsuki  and  Nakagawa 
(4)  have  demonstrated  the  usefulness  of  these  solutions  as  test  cases  of  algorithms  also 
used  for  simulation  of  growth  using  more  physically  realistic  forms  of  A,y. 

The  work  of  Stewart  and  myself  (5,6)  shows  that  as  a result  of  equipartition  of 
energy,  orderly  growth  is  not  likely  to  occur.  Instead,  after  an  initial  orderly  stage  of 
growth,  one  planetesimal  begins  to  grow  much  faster  than  its  neighbors,  leading  to  only 
a moderate  number  (e.g.  10  to  50)  of  1026  - 1027  gram  “embryos”  in  the  terrestrial 
planet  region  and  to  a much  more  rapid  time  scale  of  embryo  formation.  It  is  therefore 
of  interest  to  compare  our  use  of  a physical  model  of  coagulation  with  an  analytical 
solution  for  a case  of  runaway  growth. 

Trubnikov  (3)  shows  that  an  analytical  solution  of  eqn.  (1)  for  the  case  A, , = 
7 rriimj  should  be  of  the  form: 


n* 


n0k 

~kT 


Jfc-2 


eqn.  (2) 


where  rj  is  the  dimensionless  time,  77  = 7 n0t,  7 is  a constant,  and  na  is  the  initial  number 
of  bodies  of  mass  m0.  When  the  total  number  of  bodies  and  mass  in  the  swarm  at 
time  t is  calculated  by  summation  of  eqn.  (2)  over  all  values  of  k,  this  result  is  clearly 
contradictory,  because  among  other  things,  mass  is  conserved  only  up  to  77  = 1,  after 
which  it  declines  to  zero  for  large  values  of  the  time. 

It  might  be  thought  that  this  contradiction  implies  that  no  analytical  solution 
exists.  Use  of  the  physical  model  (6)  for  the  numerical  calculation  of  this  same  case 
suggests,  however,  that  this  result  does  not  simply  represent  a mathematical  reductio 
ad  absurdum.  Instead  it  is  found  that  eqn.  (2)  accurately  describes  the  entire  mass 
distribution,  except  for  the  largest  body,  which  begins  to  rim  away  at  the  critical  value 
77  = 1. 
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As  a result,  equations  (1)  and  (2),  together  with  conservation  of  mass,  and  proper 
interpretation,  lead  to  agreement  between  analytical  and  numerical  calculation  of  run- 
away growth,  even  though  the  concept  of  runaway  growth  is  foreign  to  the  formulation 
of  equations  (1)  and  (2).  This  paradox  can  be  resolved  by  extension  of  equation  (1) 
to  include  a runaway.  When  this  is  done,  analytic  solutions  can  be  found  for  both 
the  runaway  body  and  for  the  residual  swarm.  Both  of  these  solutions  are  in  excellent 
agreement  with  the  numerical  results  using  the  algorithm  of  the  physical  model.  The 
same  algorithm  also  provides  excellent  agreement  when  applied  to  the  two  cases  of 
orderly  growth  considered  by  Ohtsuki  and  Nakagawa. 
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Long-Term  Evolution  of  a Planetesimal  Swarm  in  the  Vicinity  of  a Protoplanet 

David  M.  Kary  and  Jack  J.  Lissauer  (SUNY  at  Stony  Brook) 

Many  models  of  planet  formation  involve  scenarios  in  which  one  or  a few  large  proto- 
planets  interact  with  a swarm  of  much  smaller  planetesimals.  In  such  scenarios,  three-body 
perturbations  by  the  protoplanet  as  well  as  mutual  collisions  and  gravitational  interactions 
between  the  swarm  bodies  are  important  in  determining  the  velocity  distribution  of  the 
swarm.  We  are  developing  a model  to  examine  the  effects  of  these  processes  on  the  evolution 
of  a planetesimal  swarm.  The  model  consists  of  a combination  of  numerical  integrations  of 
the  gravitational  influence  of  one  (or  a few)  massive  protoplanets  on  swarm  bodies  together 
with  a statistical  treatment  of  the  interactions  between  the  planetesimals.  Integrating  the 
planetesimal  orbits  allows  us  to  take  into  account  effects  that  are  difficult  to  model  analyti- 
cally or  statistically,  such  as  three-body  collision  cross-sections  and  resonant  perturbations 
by  the  protoplanet,  while  using  a statistical  treatment  for  the  particle-particle  interactions 
allows  us  to  use  a large  enough  sample  to  obtain  meaningful  results. 

Our  model  follows  the  interactions  between  planetesimals  and  protoplanets  in  a deter- 
ministic manner.  Planetesimal  orbits  are  numerically  integrated  using  a predictor-corrector 
integrator  on  the  three  (or  in  some  cases  more)  body  problem.  At  intervals  throughout  the 
calculation,  the  orbital  elements  of  the  individual  bodies  will  be  used  to  develop  a swarm 
density  profile  binned  m both  radius  and  height  above  the  midplane.  The  associated  ve- 
locity and  size  distributions  will  be  recorded  for  each  bin.  Such  a distribution  can,  in  turn, 
be  used  to  statistically  compute  the  size  and  velocity  evolution  of  individual  planetesimals 
as  they  are  affected  by  inelastic  collisions  and  gravitational  scattering  with  other  swarm 
bodies.  This  will  be  accomplished  using  analytic  and  semi-analytic  formulae  analogous 
to  those  developed  by  Stewart  and  Wetherill  (1988,  Icarus  74,  542),  but  generalized  to 
include  the  situation  where  eccentricities  can  be  much  larger  than  inclinations.  In  such  a 
manner,  we  will  be  able  to  follow  the  growth  of  the  protoplanet (s)  and  the  evolution  of 
the  planetesimal  swarm. 

This  work  is  supported  in  part  by  NASA  Planetary  Geology  and  Geophysics  grant 
NAGW-1107. 
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Accretion  Rates  of  Planets  II:  Gaussian  Distributions  of  Planetesimal  Velocities 

Yuval  Greenzweig  (UC  Santa  Barbara)  and  Jack  J.  Lissauer  (SUNY  at  Stony  Brook) 

We  calculate  the  accretion  rate  of  a protoplanet  embedded  in  a uniform  surface  den- 
sity disk  of  planetesimals  having  a Gaussian  velocity  distribution.  The  longitudes  of  the 
apses  and  nodes  of  the  planetesimals  are  uniformly  distributed,  and  the  protoplaent  is  on  a 
circular  orbit.  We  find  that  the  accretion  rate  of  the  protoplanet  in  the  two-body  approx- 
imation is  enhanced  by  a factor  of  > 2.6  (>2),  compared  with  that  of  a disk  in  which  all 
planetesimals  have  eccentricity  and  inclination  equal  to  the  r.m.s.  (mean)  values  of  those 
variables  in  the  Gaussian  distribution  disk.  For  flattened  disks  (i  < e),  this  enhancement 
factor  is  considerably  larger.  Numerical  simulations  are  in  progress  to  determine  the  corre- 
sponding enhancement  when  three-body  effects  are  present.  However,  in  the  high  random 
velocity  regime  we  expect  the  two-body  approximation  to  be  good.  Thus,  the  enhanced 
accretion  rate  should  be  incorporated  into  planetary  accretion  models. 

Support  for  this  project  was  provided  by  the  NASA  Planetary  Geology  and  Geophysics 
Program  under  grants  NGR-010-05-062  (UCSB)  and  NAGW-1107  (SUNYSB). 
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Accretion  Rates  of  Protoplanets 

Yuval  Greenzweig  (UC  Santa  Barbara)  and  Jack  J.  Lissauer  (SUNY  at  Stony  Brook) 

We  calculate  the  rate  at  which  planetesimals  in  a uniform  surface  density  disk  collide 
with,  and  are  assumed  to  be  accreted  by,  a massive  protoplanet.  The  collision  cross-section 
of  a protoplanet  is  enhanced  relative  to  its  geometric  cross-section  due  to  its  gravitational 
focusing  of  planetesimal  trajectories.  The  gravitational  enhancement  factor  of  a proto- 
planet’s cross-section,  Fg>  increases  as  planetesimal  random  velocities  (eccentricities  and 
inclinations)  decrease.  For  large  random  velocity  planetesimals,  encounters  are  sufficiently 
rapid  (<  5%  of  an  orbital  period)  that  Fg  is  well  approximated  by  the  two-body  “particle 
in  a box”  formula,  which  neglects  the  gravitational  effect  of  the  Sun.  As  planetesimal 
velocities  decrease,  Fg  increases  to  approximately  twice  the  two-body  value,  and  then  rises 
less  rapidly  than  the  two-body  value,  eventually  dropping  below  it  and  asymptotically 
approaching  a constant  for  sufficiently  small  random  velocities.  We  present  a scaling  ar- 
gument that  generalizes  our  results  to  protoplanets  of  arbitrary  mass,  radius,  and  orbital 
semimajor  axis.  Gravitational  scatterings  by  a protoplanet  prevent  random  velocities  of 
the  planetesimals  within  its  accretion  zone  from  becoming  too  small.  When  gravitational 
stirring  is  included,  the  maximum  plausible  value  of  the  gravitational  enhancement  factor 
for  rock  protoplanets  1 AU  from  the  Sun  is  Fg  ~ 1000.  If  one  protoplanet  dominates  grav- 
itational scatterings  in  a given  region  of  a protoplanetary  disk,  we  find  that  planetesimal 
inclinations  are  excited  much  less  rapidly  than  eccentricities,  in  contrast  to  the  two-body 
approximation,  in  which  energy  is  roughly  equipartitioned  between  eccentric  and  inclined 

random  motions.  The  resulting  skewed  velocity  dispersion  allows  for  a more  rapid  rate  of 
protoplanet  growth. 
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AEIODTHAHC  AND  GASDYNAIIC  EFFECTS  IN  COSMOGONY 

Planetary  Science  LtitSef Arizona  85719  I.S.A. 

The  earlv  evolution  of  solid  bodies  of  various  sizes  in  the  d 

S"»i^ 

orders  of  magnitude.  Small  grains,  transported  and  Mixed  by  turb uience, 
mav  have  also  influenced  the  gas.  Since  grains  provided  ®ost  of  the 
opacity6  their  abundance  and  properties  may  have  determined  whether 
convection  occurred  in  the  disk.  Earlier  suggestions  that  turbulent 
viscosity  might  have  caused  major  redistribution  of  mass  and  angular 
nonentum^inttie  Solar  nebula  non  unlikely,  as  recent  ana  yses  (Cabot 

et  al  1987)  derive  much  lower  convective  velocities.  However,  even  tnese 
can  inhibit  settling  to  the  central  plane  and  prevent  formation  of 
nlanetesimals  by  the  "classical"  mechanism  of  gravitational  instability. 

A general  feature  of  solar  nebula  models  is  a radial  pressure  gradie 

thft  causes  non-Keplerian  rotation  of  the  gas Just-ric^ 
ahQpnrp  of  global  turbulence,  formation  of  a relatively  dense  oust  ricn 

SoSld  cSuse  shear  between  it  and  the  surrounding  gas,  producing 
localized  turbulence  sufficient  to  prevent  gravitational  instability. 

Thus,  planetesimals  probably  formed  by  collisional  coagulation,  with 

ran6eLarge"bodiesSwere ' also  affected  by  drag,  which  caused  their  orbits  to 
decav  There  may  have  been  significant  radial  transport  of  mass  by  t 
mechlnism.  However  the  apparent  compositional  zoning  of  the  aneroid  b 
and  the  existence  of  distinctive  types  of  undifferentiated  meteorit 
places  constraints  on  this  process.  It  is  now  widely  accepted  that  the 
giant  plants  formed  by  core- accretion.  In  this  scenario,  massive  (-10M*) 

solid  cores  formed  by  accretion  of  planetesimals  before  capturing  gas  from 
the  surrounding  nebula.  A major  unanswered  question  is Jhe  timescale  for 
core  growth:  how  could  it  have  occurred  before  the  nebula was  dissipate^ 

iS  order  to  model  this  process,  we  must  understand  the  combined 
of  gas  drag  and  gravitational  perturbations  on  planetesimals  in  the  solar 

nebula. 

p.vnlnt.irm  nf  Dust  in  the  Solar  Nebula.  Most  previous  studies  of 
coagulation  and  settling  of  dust  in  the  nebula  have  assumed  that  the  gas 
was6laminar  (Veidenschifling  1980;  Nakagawa  et  al.  1981;  Veidf^^ng 
al  1Q8QV  desoite  the  probability  that  some  turbulence  was  present. 
Vcideischilling  (?984)  USdSlSd  some  cases  with  high  turbulent  velocities 
one  third  of  the  sound  speed,  whicheffectlvely  preeluded  settiling  to 
central  plane.  Mizuno  (1989)  considered  a range  of  turbulent  velocities, 
but  his  models  were  vertically  averaged  through  the  dJ?k  aJd.  dlp  [Jjjj  f 
consider  settling.  The  low  convective  velocities  predicted  by  Cabot  et 
al.  (1987)  and  the  lack  of  definitive  models  for  generation  of 
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^Lfc"T'^i,et-?rbule5ce  ha,e  led  us  t0  develop  a series  of  "generic" 
aodels  with  arbitrary  degrees  of  turbulence.  These  are  1-D  models  If  the 

ggregates  and  mix  them  downward  (always)  and  upward  (if  their  turbulent 
diffusion  velocities  exceed  their  vertical  settling  rites)  Thill* «„2f0 
feature  improved  spatial  resolution  (.ore  levels)  fnd  better  resoluti^of 
Sll\tT rlbUti°"  (■°rcbi"s)  tha”  oor  previiussiiuUtLus  0"  °f 

“ of^imension^l^at'sises^fesf^han  1 

aSMM-SgS  2 

F . . * fecting  their  spatial  density  and  coagulation  rafp  Thp 

sssvs  tte  SS-tl?* 

ssStatoffi  for 

become  coBparable^^th^tufbulent  dufu'si^te^'Xr^’ 

Modeling  of  radial  afd  SmMJSLTS  STSSSrX” 
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i?i«7urP  l Particle  size  distributions  at  various  levels  in  the  disk. 
Figure  1.  ^rticie  size  heights,  for  turbulent  velocities  of  100 

Sl&sa?  fsssssL 

are  depleted  by  settling  to  lower  levels. 
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Nonaxisymmetric  Structure  During  Solar  Nebula  Formation 

Alan  P.  Boss,  DTM,  Carnegie  Institution  of  Washington 

==h-Bes jgjjggisi! 

^rufrdo^“Ue8  (~  10“3  - 10-'2  * »-)  considerably tht 

» Sr  tbl  ”c£ 

rapidly  enough  to  produce  nebula  clearing  on  astronomically  indicated  fin5  in7  \ 
disks  may  have  time  scales  as  short  as  103  to  105  years.  nonaxisymmetric 

mmm 

evolution  is  required  toSlw^  5’rm?ion.i  “ 1 *PP«“«  ‘1>»‘  substantial  nebula 

nebula  models;  because  of  the  nedect^f  h ^ls^x?met^c  or  st**ongly  nonaxisymmetric 
appear  to  be  lower  bo“nI  S °f  heat,n*  from  the  P“>‘osun,  these  temperatures 
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Tidal  Disruption  of  Inviscid  Protoplanets 


A.  P.  Boss,  DTM,  Carnegie  Institution  of  Washington 
A.  G.  W.  Cameron  k W.  Benz,  Harvard- Smithsonian  Center  for  Astrophysics 

The  terminal  phase  of  terrestrial  planet  accumulation  is  believed  to  involve  impacts 
. ~ 14  km  s-1  between  growing  planets  and  protoplanets.  Such  giant  impacts  are 

wmmmWM 

g&!=  a 

i— 1 

We  have  calculated  a number  of  simulations  of  inviscid  tidal  disruption  using  the 

and  zero  physical  viscosity.  Three  parameters  are  of  most  importance,  mtru  er  mass, 
impact  parameter,  and  velocity  at  infinity  (uoo)- 

In  agreement  with  an  analytical  calculation  showing  that  massive  bodies  are  more 
resistan^t^thlal  disruption  than  smaller  bodies,  we  have  found  that  relatively  mas- 
sive inviscid  protoplanets  do  not  undergo  complete  tidal  disruption.  Previous  gi 

impact  models  have  shown  that  a 0.16  M©  intruder  ^^^^easily^urvives 
impact  parameter  small  enough  for  a grazing  collision  with  the  Earth  ^ f 
the  encounter.  Even  with  an  intruder  mass  as  low  as  0.01  M©  little  disruption  occurs 
at  near-grazing  incidence  with  = 5 km  s"1;  only  for  Uoo  = 2 km  s 1 or  less  is  a £01 
Mrintruder  disrupted  into  a number  of  bodies  following  a grazing  encounter.  Bod  es 
lallefth^  this  are  hkely  to  be  subject  to  collisional  disruption  anyway.  The  results 
iSy  that^d^  di^ption  is  unlikely  to  have  a major  effect  on  planetary  accumulation, 
regardless  of  whether  protoplanets  are  inviscid  or  dissipative. 
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Surface  Density  and  Temperature  Profiles  in  the  Early  Solar  Nebula 

Alan  P.  Boss,  DTM,  Carnegie  Institution  of  Washington 


Models  of  the  formation  of  the  solar  nebula  through  the  collapse  of  very  dense 

nnmtH?»1SphieriI-Cd  ° ?^°  P,rotosuns  of  variable  mass  have  been  calculated  through 

bo^Tnd1  jUt;°n  °/  the,three  d'm^nsi°nal  (3D)  equations  of  hydrodynamics,  gravita- 
tion, and  radiative  transfer  in  the  diffusion  approximation.  Previous  work  has  shown 
the  probable  importance  of  nonaxisymmetry  (i.e.,  spiral  arms)  for  angular  momentum 
transport  in  the  nebula  [1],  and  the  possibility  of  relatively  high  (~  1500  K)  midplane 
temperatures  [2]  in  the  inner  solar  nebula.  6 V } Imupiane 

Calculation  of  these  models  with  an  explicit  time  differences  computer  code  is  made 
possible  only  by  the  ansatz  of  starting  the  collapse  from  initial  densities  ( Pi  ~ 10" 13 
g cm  ) that  are  considerably  higher  than  those  of  observed  dense  molecular  clouds 

fromnsfm’lSeTr  V,-  rSOlair  nebula  models  have  been  computed  starting 

tW  H r 7 mi  ial  denSltl6S  M-  While  ^ can  be  argued  that  starting  from 

it  must  beSnotpdethdfTl!-haVe  a mf-J°r  CM?Ct  °n  the  dynamics  and  thermodynamics  [2], 
it  must  be  noted  that  this  assumption  will  overestimate  nebula  temperatures.  However 

the  neglect  of  heating  from  the  central  protosun  in  the  3D  models  so  far  underestimates 

nebula  temperatures  (cf.  [31,  where  inclusion  of  this  heating  produced  T > 1600  K 

msi  e U).  Evidently,  further  work  will  be  necessary  before  the  thermal  structure  of 
these  models  can  be  considered  definitive.  OI 

1G /■n?de!S  W ad  started  from  uniform  density  (p,  = c)  and  uniform 
rotation  (D,  _ c)  initial  spheres  In  order  to  learn  what  effect  other  initial  density  and 
rotation  profiles  would  have  on  the  structure  of  the  nebula,  8 new  3D  models  have^been 
calculated.  Six  of  these  models  started  with  either  p,  = c and  oc  R (R  = cylindrical 

started  from1?  -Md  = fadius)  and  = c-  Two  new  models  were 

started  trom  pt  - c and  12,  = c,  but  with  large  amounts  of  rotation. 

for  rS  Suar  nebula  aru  typicalIy  high  enough  to  account 

r terrestrial  planet  formation  [51.  However,  in  the  outer  solar  nebula  densities  arc 

insufficient  for  rapid  formation  of  Jupiter  through  runaway  accretion  [6]  unless  the 

lMv  holnS  d mass,v\(s“  “which  a Jupiter  which  has  cleirid  a gap  wiU 

likely  be  lost  during  subsequent  evolution  of  the  bulk  of  the  nebula  gas  onto  the  sun 

Surface  densit.es  in  these  3D  models  are  in  basic  agreement  with  thoL  produced  SZ 
the  isothermal  collapse  of  axisymmetric  clouds  [7]  1 Ir°m 

-Tbf  m?dels.  miply  that  if  outer  solar  nebula  surface  densities  are  ever  to  reach  the 
required  values  in  a minimum  mass  nebula,  these  densities  must  be  increased  through 

torqSuesU[l]  & eV°lutl°n’  e'g”  through  the  action  of  viscous  [6]  or  gravitational 
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A simple  time  scale  argument  [2]  suggests  that  compression^  energy 
hv  the  collapse  of  the  presolar  cloud  was  trapped  within  the  nebula  ^ ~ Y * 
/so,  this  means  that  certammi nh 

Sng  f“S2temS“e initial density  profiles  Temperatures  this  high  .nter^tmg 
n hgW  of  meteoritical  evidence  for  the  condensation  of  refractory  -ndu"^  “» 
nebula  cooling  from  high  temperatures,  though  such  a globally  hot  nebula  would  y 
cool  over  rather  long  (~  105  years)  time  scales.  A hot  inner  solar  nebula  also  may 
Wbk  lo  account  4 the  gross  depletion  (relative  to  solar)  Wrt 
terrestrial  planets  [10],  because  the  gaseous  C N,  and  H20  may  have  be 
along  with  the  H and  He  by  the  early  solar  wind. 

Midplane  temperatures  may  have  been  regulated  to  ~ 1500  K by  the  thermostatic 
effect  onhe  opadty.  Because  the  nebula  opacity  at  high  temperatures  rs  dominated 
t vaporize  around  1420  K [11],  at  higher  temperatures  the  opaaty 

Hrons  hv  a factor  of  ~ 100,  and  hence  radiative  cooling  is  more  efficient.  However, 
dSSd tempe^tures  drop  bdow  1420K,  iron  grains  reform,  the 

losses  decrease  and  further  decrease  of  the  temperature  is  slowed.  This  thermostati 
effect  may  ensure  the  survival  of  the  most  refractory  interstellar  grains,  and  preven 
SSX,  establishing  a strong  compositional  gradient  by  —mg  the  ra- 
dial  thermal  gradient  in  the  inner  solar  nebula. 

Finally,  one  may  also  speculate  that  Type  II  Ca-Al-rich  inclusions  which  are  de- 
pleted in  both  the  most  volatile  and  the  most  refractory  rare  2idpW 

121  owe  their  peculiar  composition  to  the  thermostatic  effect.  Tha  , P 

emperatures  in  the  asteroid  zone  never  exceeded  ~ 1500K,  the  most  refractory  - 
ponents  of  the  pre-existing  interstellar  grains  will  survive  and  rapidly  sediment  to  the 
dust  midplane,  producing  a population  of  volatile-poor  grains  (Type  III  inc  usions  [ ])■ 

After^he  nbbula  cools  somewhat,  newly-condensed  grrnns  will  be  depleted  in  the  most 
refractory  REE  as  well  as  the  most  volatile  REE,  as  in  Type  II  inclusions.  If  the  nebu  a 
is  removed  prior  to  further  cooling  (and  naked  T Taun  star  ages  are  similar  to  nebula 
cooling  times),  then  the  most  volatile  species  would  be  removed  altogether. 
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ACCRETION  AND  EVOLUTION  OF  SOLAR  SYSTEI  BODIES 

p1aM.  C J’  Jfeidenschilling,  D.  Spaute,  and  D.  R.  Davis 
Planetary  Science  Institute,  2421  E.  6th  St.,  Tucson,  Arizona  85719  U.S.A. 

r>10n^e?t,rial  plrt1S  f0rmed  by  accretion  from  a swarm  of  many 
J +?  11  (~km- sized)  planetesimals.  A number  of  researchers  have 
modeled  the  earliest  stage  of  growth  by  collisions  and  gravitational 

(G^eeJbeJg  L'af  ^978  NSPr°aChe+S ’ !Slparticle-  in’ a~ box  methods 
mi  + Nakagawa  et  al.  1983,  Vetherill  and  Stewart  1989} 

The  rate  of  collisions  and  gravitational  interactions  is  characterized ’ ' 
only  by  relative  velocities  (the  spatial  density  of  arti 

rpJ^n1J}y+?ependent  °Vel°city).  This  assumption  is  valid  only  over  a 
region  of  the  swarm  small  enough  so  that  variations  in  swarm  properties 

rA^?+dlStributl0ns  of  Slz<r  an“  velocity,  can  be  neglected.  These  ’ 
hr-pawi10nS  ?re  nob  durin8  later  stages  of  accumulation:  indeed  the 
EI-°f  uniformity,  i.e.,  the  formation  of  a sm^ll  number  of 

intlrestf16S  (pU  0r  Protoplanetary  embryos),  is  the  phenomenon^  f 

The  final  stage  of  accretion,  involving  a small  number  of  bodips  ha« 
been  modeled  by  explicit  computation  of  keplerian  orbits  generally  with 
198fiC  fqfi8°  p164*"1®11*  °*  close  encounters  and  collisions’ (Vetherill  1980 

SrattSLiSs? 

» v assu"ed- and 

early^and^ate^stage^accretion^y0!  new^Betkod^nsing^s^atially0611 

sfe  £ r •» 

SEte^^^Sftisss^- 

In  the  past  year  we  have  devoted  much  effort  to  testing  n-f  +),« 

SEuifTiS  “fa  pLuciK-Tbo  °ltsuli  taSn-d 

an  analytic  solution  is  known  i P code  on  a problem  for  which 

sum  of  particlemasses!  Their  ai^Hth^h^T  ra5e  ProPortional  to  the 
to  characterize  the  size  distrihntinnc  9 w^ich  used  a mass  binning  method 

aith  the  analytic  ^“^ddel°L^d„fr?e”dthtr:„P?ered 

produced°spurioud  g“*f  ““  * * »ass 

conducted  a neties  of  tesL  S°„t  l^tS^aiJSt^r^iyllc 
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solution.  Ve  found  initially  that  our  computed  growth  rates  were  too 
slow,  with  wider  bins  yielding  slower  growth.  This  behavior,  opposite  to 
that  found  by  Ohtsuki  et  al.,  appears  to  be  due  mainly  to  different 
definitions  of  the  mean  mass  in  a bin.  They  used  the  arithmetic  mean  of 
the  upper  and  lower  bounds,  while  we  take  the  geometric  mean.  One  can 
show  that  their  effective  mass  (and  hence  the  coagulation  rate)  is  always 

greater  than  our  definition.  , „ 

Another  important  factor  is  the  treatment  mass  shifting  between  bins. 
This  effect  is  due  to  the  variation  of  masses  across  a bin  for  a 
continuous  size  distribution.  Accretion  of  a small  body  by  a larger  one 
always  removes  the  smaller  one  from  its  mass  bin.  The  combined  particle 
may  fall  in  the  mass  bin  corresponding  to  the  original  target,  or  in  a 
larger  bin  if  the  target  was  near  the  top  of  its  range.  Greenberg  et  al. 
(1978)  introduced  the  concept,  but  computed  mass  shift  on  the  assumption 
of  a uniform  distribution  of  particles  vs.  log  (mass)  within  a,  bin.  *'e 
showed  (Spaute  et  al.  1990)  that  this  resulted  in  an  unrealistically  large 
shift.  The  algorithm  used  in  our  spatially  resolved  program  approximates 
the  distribution  within  each  bin  as  a segment  of  a power  law.  Ve  use  this 
assumption,  with  appropriate  weighting  of  collision  probability,  to 
evaluate  the  fraction  of  collisions  that  result  in  shifting  of  mass  across 
bin  boundaries.  Ve  find  excellent  agreement  with  the  analytic  solution 
for  a bin  width  of  2 (Figure  1) ; the  agreement  is  actually  better  than 


Ohtsuki ’s  result  for  Jl.  This  is  a significant  improvement,  as  the 
running  time  for  simulations  increases  rapidly  with  the  number  of  bins. 

As  a further  test,  we  have  compared  our  program  in  a single- zone  mode 
with  a suite  of  particle- in- a- box  calculations  by  Vetherill  and  Stewart 
(1989).  Again  the  agreement  is  excellent  (Figure  2).  The  only 
significant  difference  is  in  the  latest  stage  of  the  simulation. 

Vetherill  and  Stewart’s  calculation  showed  the  largest  bodies  with  masses 


~1024g  accreted  to  form  a single  ~1028g  body  after  2.6xl05y;  our 
simulation  does  not  show  this  behavior.  Our  model  allows  for  the  fact 
that  the  few  largest  bodies  have  different  semi- major  axes,  which  lowers 
their  probability  of  collision  and  slows  runaway  growth.  Extending  these 
runs  to  later  times  than  Vetherill  and  Stewart’s  calculations  shows 
spreading  of  the  swarm  into  adjacent  zones  that  were  originally  empty. 

This  is  a physically  realistic  outcome  due  to  dissipation  of  energy  during 
collisions  (Vetherill  1980).  Initial  tests  of  multi- zone  simulations  are 
now  underway. 
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Figure  1:  Comparison  of  analytic  and  numerical  solutions  for  the  case  of 

coagulation  rate  proportional  to  the  sum  of  the  masses* 


o 

or 

\— 

z 

LU 

o 

u 

LU 


MASS  (grams) 


Figure  2a) : Cumulative  number  of  bodies 

vs.  mass.  Parameters  were  chosen  to 
match  those  in  Fig.  5 of  Vetherill  and 
Stewart,  1989. 


Figure  2b):  Eccentricity 

vs.  mass  for  the  same 
case;  compare  with  Fig.  6 
of  Vetherill  and  Stewart, 
1989. 
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Tidal  Evolution  of  Planetary  Satellites 

William  C.  Tittemore,  Lunar  and  Planetary  Laboratory, 
University  of  Arizona,  Tucson,  AZ  85721 


Ariel  may  have  undergone  significant  tidal  heating  during  evolution  through  a 4:1 
orbital  commensurability  with  Titania  (Tittemore  1988).  Based  on  the  rather  narrow 
constraints  on  the  Q of  Uranus  set  by  the  dynamics  of  other  past  resonances  among 
the  Uranian  satellites  (1.1  X 104  < Q < 3.9  x 104,  Tittemore  and  Wisdom  1990),  this 
resonance  would  have  been  encountered  3.8  billion  years  or  more  ago. 

There  is  a significant  probability  of  temporary  capture  into  resonan ce > at  this ; com- 
mensurability,  leading  to  a large  increase  in  the  orbital  eccentricity  of  Ariel  Initially, 
the  behavior^ of  the  satellites  can  be  determined  analytically,  but  at  large  values  of  the 

orbital  eccentricity,  strong  interactions  between  the  pnmary  resonance ilHteTultim ateTv 
mensurability  result  in  the  presence  of  a large  chaotic  zone.  The  satellites  ultimately 
escape  from  the  resonance  at  large  eccentricity  via  a dynamical  mechanism  first  identi- 
fied m the  dynamics  of  the  Uranian  satellites,  that  also  explains  the  anomalously  high 
orbital  inclination  of  Miranda  (Tittemore  and  Wisdom  1989).  The  trajectory  is  capture 
into  a secondary  resonance  between  the  resonance  libration  frequency  and  ^equency 
splitting  the  primary  resonances.  The  secondary  resonance  drags  the  trajectory  into  the 
chaoticzone, allowing  Ariel  and  Titania  to  escape  from  the  4:1  commensurability. 

During  resonance  passage,  and  after  escape  from  the  resonance  as  the  orbital  e 

tricity  decayed,  the  interior  of  Ariel  may  have  been  tidally  heated  by  up  to  a ou  . 

the  time  the  resonance  was  encountered,  early  in  the  history  of  the  Uranian  system,  the 
internal  temperature  of  Ariel  would  probably  have  been  relatively  high  due  to  radiogenic 
and  accretional  heating.  The  increase  in  the  internal  temperature  of  Ariel  due  to  reso- 
nance passage  may  have  triggered  the  geological  activity  that  led  to  its  late  resurfacing, 
by  increasing  the  vigor  of  solid-state  convection  in  the  interior,  and  by  decreasing  the 
thickness  of  the  lithosphere  thermally  stressing  it,  facilitating  the  movement  of  rela  ive  y 
bouyant,  mobile  materials  such  as  ammonia  hydrates  to  the  surface. 

This  can  explain  the  discrepancy  between  the  geological  histones  of  Ariel  and  U 
briel-  although  both  may  have  been  heated  at  similar  rates  by  radiogenic  and  accretional 
sources  only6 Ariel  would  have  been  subjected  to  the  additional  tidal  heating  near  the  end 
of  tlS  heaw  cratering  period.  Passage  through  the  Ariel-Titama  4:1  commensurab.l  ty 
probably  did  not  significantly  affect  the  thermal  evolution  of  Titania,  because  of  its  rda 
tively  large  distance  from  the  planet.  Ariel  may  ha^  encountered  m^^^ 
with  the  other  Uranian  satellites  (Tittemore  and  Wisdoin  1988,  1990,  iittemore  iyyuj, 
however,  the  probability  that  any  of  these  significantly  affected  its  thermal  evolution  is 

small. 
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Thermal  and  Dynamical  Processes  in  the  Evolution  of 
Planets  and  Satellites. 

Gerald  Schubert,  University  of  California,  Los  Angeles,  Department 
of  Earth  and  Space  Sciences,  Los  Angeles,  California  90024-1567 


Mantle  dynamics  in  Mars  and  Venus 

We  used  a numerical  model  of  compressible,  fully  three- 
dimensional,  nonlinear  thermal  convection  in  a highly  viscous 
spherical  shell  to  simulate  possible  convective  motions  in  the 
mantles  of  Venus  and  Mars.  The  prominent  forms  of  upwelling  in  the 
models  are  cylindrical  plumes.  Major  volcanic  centers  on  Mars,  such 
as  Tharsis  and  Elysium,  and  the  coronae  and  some  equatorial 
highlands  on  Venus  may  be  the  surface  expressions  of  cylindrical 
mantle  plumes.  In  models  with  rigid  upper  boundaries,  as  might 
pertain  to  Mars , the  upper  thermal  boundary  layer  surrounding  the 
plumes  has  uneven  thickness,  being  interspersed  with  downwelling 
regions  emanating  radially  from  the  plumes'  axes.  This  may 
establish  a stress  field  at  the  base  of  hotspot  swells  that  could 
lead  to  radial  fractures  such  as  those  on  Tharsis.  The  models 
generate  about  4 km  of  dynamic  topography,  similar  to  estimates  of 
the  uncompensated  Tharsis  topography.  There  are  no  deep-seated 
active,  linear  upwellings  in  the  models  that  could  be  associated 
with  linear  spreading  centers  in  Aphrodite  on  Venus.  The  models 
contain  downwelling  cylindrical  plumes  which  might  explain  the 
compressional  features  in  western  Ishtar  Terra.  This  research  is 
discussed  in  more  detail  In  the  paper  "Mantle  Dynamics  in  Mars  and 
Venus:  Influence  of  an  Immobile  Lithosphere  on  Three-Dimensional 

Mantle  convection",  by  G.  Schubert,  D.  Bercovici,  and  G A 
Glatzmaier  (J.  Geophys . Res.,  in  press). 

Thermal  Evolution  of  Mars 

We  have  developed  new  models  of  the  thermal  history  of  Mars. 
In  the  models,  Mars  is  initially  hot  and  completely  differentiated 
into  a core  and  mantle,  consistent  with  isotope  systematics  of  SNC 
meteorites  suggesting  core  formation  essentially  contemporaneously 
with  the  completion  of  planetary  accretion.  The  subsequent  thermal 
evolution  of  the  models  involves  cooling  of  the  mantle  and  core  by 
subsolidus  mantle  convection,  differentiation  of  a crust,  and 
thickening  of  a rigid  lithosphere.  Rates  of  planetary  cooling  and 
crustal  production  are  much  higher  during  the  first  1 Gyr  of  cooling 
than  they  are  during  the  remainder  of  the  evolution.  This  is 
consistent  with  geological  evidence  for  a general  decrease  with  time 
in  the  Martian  volcanic  flux,  and,  following  a brief  initial  period 
of  massive  crustal  formation,  early  global  contraction  recorded  in 
the  widespread  formation  of  wrinkle  ridges  on  geologically  ancient 
surface  units.  The  sulfur  content  of  the  core  determines  whether 
the  present  core  is  liquid  or  partially  solidified  and  whether  a 
core  dynamo  produces  a present  planetary  magnetic  field.  If  the 
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core  dynamo  produces  a present  planetary  magnetic  field.  If  the 
weight  fraction  of  sulfur  in  the  core  is  15%  or  more,  then  the 
present  Martian  core  is  completely  fluid  and  there  is  no  thermal 
convective  dynamo,  consistent  with  observational  evidence  of  a very 
weak  or  nonexistent  Martian  magnetic  field.  This  work  is  reported 
in  the  papers  "Origin  and  Thermal  Evolution  of  Mars",  by  G. 
Schubert,  et.  al.  (in  press  in  the  Mars  book  to  be  published  by 
University  of  Arizona  Press)  and  "Thermal  History  of  Mars  and  the 
Sulfur  Content  of  its  Core"  by  G.  Schubert  and  T.  Spohn  (J.  Geophys . 
Res . , in  press) . 

Effects  of  Volatile  Exchange  Between  Atmosphere  and 
Mantle  On  Planetary  Thermal  Evolution 

We  have  developed  a model  to  simulate  the  thermal  history  of 
the  Earth  that  accounts  for  the  transfer  of  volatiles  between  the 
mantle  and  the  ocean- atmosphere  system  and  the  dependence  of  mantle 
viscosity  on  volatile  content.  Degassing/regassing  rates  are  a 
function  of  convective  vigor  which  depends  on  mantle  volatile 
content  through  mantle  viscosity.  Thus  the 
devolatilization/revolatilization  in  the  model  is  self -consistently 
calculated.  Model  results  indicate  that  mantle  degassing/regassing 
rates  quickly  equilibrate  during  an  early  stage  of  rapid  Earth 
cooling  (lasting  a few  hundred  million  years)  and  adjust  to  regulate 
a more  gradual  cooling  of  the  Earth  over  most  of  geologic  time. 
Most  of  the  net  volatile  release  from  the  mantle  occurs  early,  in 
accord  with  isotopic  evidence  for  rapid  formation  of  the  atmosphere. 
When  mantle  viscosity  depends  on  both  volatile  content  and 
temperature,  changes  in  volatile  content  are  compensated  by  changes 
in  temperature  so  that  the  mantle  evolves  with  the  viscosity  and 
convective  vigor  required  to  transfer  its  internally  generated  heat. 
Thus  the  mantle  is  hotter  (colder)  as  a consequence  of  degassing 
(regassing)  compared  to  a mantle  with  a volatile  independent 
rheology.  This  research  is  discussed  in  "Thermal  Evolution  of  the 
Earth:  Effects  of  Volatile  Exchange  Between  Atmosphere  and  Interior" 
by  P. McGovern  and  G.  Schubert,  Earth  Planet.  Sci . Lett.,  96,  27-37, 
1989. 

Lunar  Orbital  Evolution 

We  modelled  the  coupled  thermal -dynamical  evolution  of  the 
Earth-  Moon  system  including  solid  planet  tidal  dissipation  and 
dissipation  by  the  Earth's  oceans.  Solid  Earth  tidal  friction  has 
been  the  main  energy  sink  in  the  Earth-Moon  system;  oceanic 
dissipation  has  a relatively  small  effect  over  geologic  time,  even 
though  it  is  important  at  present.  About  90%  of  the  angular 
momentum  transferred  from  the  Earth  to  the  Moon  is  a consequence  of 
solid-body  tidal  friction.  These  results  are  discussed  in  more 
detail  in  "Evolution  of  the  Lunar  Orbit  with  Temperature  and 
Frequency -Dependent  Dissipation,"  by  M.  N.  Ross  and  G.  Schubert  J. 
Geophys . Res. , 94,  9533-9544,  1989. 
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Atmosphere-Interior  Evolution  of  Planets  and  Satellites 

We  have  written  a review  paper,  "Coupled  evolution  of  the 
atmospheres  and  interiors  of  planets  and  satellites"  by  G.  Schubert, 
D.  L.  Turcotte,  S.  C.  Solomon,  and  N.  Sleep.,  in  Origin  and 
Evolution  of  Planetary  and  Satellite  Atmospheres , eds.  S.  K.  Atreya, 
J.  B.  Pollack,  and  M.S.  Matthews,  University  of  Arizona  Press, 
Tucson,  Arizona,  pp.  450-483,  1989  that  discusses  how  the 
atmospheres  and  interiors  of  terrestrial  planets  evolve  in  a coupled 
manner.  The  physical  mechanisms  that  couple  the  atmospheres  and 
interiors  of  planets  are  analyzed  in  detail.  The  major  coupling 
mechanisms  involve  the  dependencies  of  subsolidus  mantle  viscosity 
and  degree  of  partial  melting  on  volatile  content. 

Tidal  Heating  in  Enceladus 

We  have  investigated  tidal  heating  of  Enceladus  using 
multilayered  viscoelastic  models  of  the  satellite.  Dissipation  on 
Enceladus  can  be  as  large  as  about  900  GW  at  the  current 
eccentricity,  nearly  a factor  of  2000  greater  than  previously 
thought.  Among  the  suite  of  interior  structures  capable  of  large 
amounts  of  tidal  heating  is  one  that  includes  a sublithospheric 
internal  ocean  of  accumulated  H3-H20  eutectic  melt.  The  models 
suggest  that  Enceladus'  thermal  and  dynamical  evolution  may  have 
been  relatively  simple,  involving  only  Dione  in  a 2:1  resonance. 
The  results  of  this  study  are  reported  in  "Viscoelastic  Models  of 
Tidal  Heating  in  Enceladus"  by  M.  N.  Ross  and  G.  Schubert,  Icarus, 
78,  90-101,  1989. 

Tidal  Dissipation  and  Shape  of  Io 

We  have  calculated  spatial  distributions  of  tidal  heating  in 
layered  viscoelastic  models  of  Io.  Tidal  heating  is  concentrated  at 
the  equator  if  dissipation  occurs  mainly  in  an  asthenosphere ; 
heating  is  icentrated  at  the  poles  if  dissipation  occurs 
throughout  Io . Equatorial  hotspots  and  the  concentration  of 
Prometheus- type  plumes  near  the  equator  favor  asthenosphere  heating. 
Io's  observed  figure  supports  the  existence  of  an  Fe-FeS  core  with 
a radius  of  about  1,000  km. 

We  calculated  global  topography  for  multilayer  Io  models  with 
dissipation  occurring  in  a viscous  asthenosphere  and  a solid  mantle. 
The  derived  topography  was  compared  with  observed  topographic 
variations  which  feature  alternating  basins  and  swells  along  the 
equator  and  moderately  elevated  or  depressed  regions  at  the  poles. 
Theoretical  models  match  observations  if  about  2/3  of  the  tidal 
heating  occurs  in  a partially  molten  asthenosphere  and  1/3  occurs  in 
the  underlying  solid  mantle.  In  addition,  the  modelling  suggests 
that  Io's  lithosphere  is  compositionally  distinct  from  the 
asthenosphere.  This  work  is  discussed  in  "Internal  Structure  of  Io 
and  the  Global  Distribution  of  its  Topography"  by  M.  N.  Ross,  G. 
Schubert,  T.  Spohn  and  R.  W.  Gaskell,  Icarus,  in  press,  1990. 
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CAPTURE  OF  TRITON  AND  THE  GAS  DRAG  TIMESCALE 

Andrew  C.  Leith  and  William  B.  McKinnon,  Dept  Earth  and  Plmietaiy  Sc^nces  and  dje 
McDonnell  Center  for  Space  Sciences,  Washington  University,  Saint  Lotus  MO  63130. 

Introduction : Our  study  of  the  capture  of  Triton  by  a gas  drag  mechanism,  discussed  in  last 
year’s  Reports  of  Planetary  Geology  Memorandum  and  elsewhere  [1-3],  has  been  refined  to 
include  the  influence  of  solar  perturbations  on  the  early  evolution  of  Tnton  s orbit  and  Tnto 
recently  determined  physical  parameters  [4].  We  have  also  further  evaluated  the  mechanisms  by 
which  Triton  may  have  avoided  spiraling  into  Neptune  (the  usual  end  result  of  gas  drag  scenarios) 

aild  SMethod‘  'asIti  A^ori^n^'study  we  reconstruct  the  protosatellite  nebula  around  Uranus 
using mass  hypothesis te.g„  5,  and assun*  dta,  a sinnTar  trebula  wo^aveexts  ^ 
amund  Neptune.  The  resulting  "nominal  nebula"  has  a mass  of  about  40  MT  We  assume  that  a 
-3,2  where  <j  is  the  surface  density,  and  r is  the  nebula  radius  (the  value  of  the  exponent  is 
not  critical  to  the  results).  The  model  nebula  is  isothermal  and  cool  (50  K),  and  mmcated  at  ju 
limit  of  Oberon's  "feeding  rone").  We  also  consider  the  poss.bdt.y  dta,  the 
Neptunian  protosatelhte  nebula  was  enriched  in  high-Z  elements  and  mvesttgate  mbtttd  evoluoon 
in  a "low-mass”  nebula  with  l/10th  the  mass  of  the  “nominal”  nebula.  We  mitia  y sc 
apocenter  a,  the  limit  of  Neptune's  Hill  sphere  (-4600  RN)  and  speedy  an immal I oco^rt ist 
(pericenter).  For  simplicity  we  also  assume  that  the  line  - 

so  that  every  other  passage  through  the  nebula  plane  occurs  at  percenter  (the  effects  of  relaxing 

Ss  IS"  1 discussed  late)  Early  in  Triton's  mbital  evolution  when  tut 

snu  relatively  large  (>  100  R„  ),  solar  perturbations  cause  a harmonic  oscillation  of  die  specific 

orNtalangular mottwntum [6J-  This fbsTpasses drough^e^tmla^cnrcial to 
h^ut^em  r^eTOtoTb^use  the  distance  of  percenter  varies  with  the  angular 
1"  Most  of  ourcalculadons  assume  todie  Wriale^nrer=  ™ ang^ 
momentum  (most  negadve  5h).  which  means  thatthenrs,  encounter,  tdso  *££*£*«• 
the  effects  of  solar  pemnbarions  on  the  semimajor  axis  of  the  orb..  [6],  and  ata> 
precession.  Due  to  its  retrograde  nature  angular  momentum  is  transferred  from  Tnton  s orbit  to 

Neptune,  therefore  we  allow  the  orbital  elements  to  evolve  until  the  mean  ang  armomen 

model  orbit  falls  below  the  actual  value  for  Triton’s  present  orbit 

Results-  The  time  for  the  orbital  angular  momentum  of  a Tnton  interacting  with  o 
"nominal"  nebula  to  be  reduced  to  die  present  value  (die  evolution  time)  is  shown 
the  initial  distance  of  encounter  with  the  nebula  in  Fig.  1.  In  all  cases  the  lmt 
place  at  minimum  angular  moment  Since  very  little  change 

dissipation  of  the  nebula,  the  starting  inclinations  were  chosen  such  ^1^  . 

be  within  0.2°  of  the  present  value  (157°).  As  in  the  original  study  [1-4]  the  total  change 

• than  ffl  anH  the  final  eccentricity  in  all  instances  was  less  than  0.15. 

inclination  was  never  more  than  6 and  the  Iinai  eccenineny  m <m  ^ rninrident  If 

The  low  final  eccentricities  are  the  result  of  setting  the  lines  of  nodes  an  ap  increases 

dre  initial  encounter  with  die  nebula  does  no,  occur  at  pericenter.  the  due  anomaly./,  uicreases 


with  each  passage  through  the  nebula.  The  result  of  having  non-zero/is  that  at  each  passage  the 
pericenter  distance  is  reduced  as  well  as  the  apocenter  distance,  leading  to  greater  final  eccentricity. 
Overall  results  suggest  that  the  post-gas-drag  eccentricity,  i.e.,  that  remaining  when  Triton  s 
present-day  angular  momentum  is  reached  during  each  calculation,  is  likely  to  be  more  than  ~0.2. 

The  large  increase  in  evolution  time  for  an  initial  encounter  at  25  RN  occurs  because  the  initial 
encounter  just  grazes  the  edge  of  the  nebula.  Because  the  first  approach  occurs  at  minimum 
angular  momentum  and  is  therefore  the  closest  that  Triton  can  approach  Neptune  (until  apocenter 
also  falls  inside  the  nebula),  many  of  the  subsequent  orbits  do  not  encounter  the  nebula  at  all.  This 
is  true  for  all  initial  encounters  further  out  than  ~7  RN  , but  the  further  out  the  first  encounter  the 
greater  the  number  of  orbits  that  do  not  intersect  the  nebula,  and  the  longer  the  period  for  each 
orbit.  Fig.  2,  which  shows  pericenter  passage  distance  versus  time  for  an  initial  encounter  at  24 
Rff,  illustrates  this  effect  In  the  300  orbits  shown,  there  are  only  19  that  intersect  the  nebula. 

Although  it  is  possible  to  extend  the  evolution  time  beyond  10^  years  for  particular  initial 
conditions,  in  general  gas  drag  in  our  nominal  nebula  is  too  effective  to  make  Triton’s  survival 
likely,  unless  the  lifetime  of  the  nebula  is  under  -104  years.  However,  the  situation  is 
considerably  improved  if  the  nebula  is  less  massive  than  “nominal”.  We  repeated  some  of  the 
iterations  of  Fig.  1,  but  for  a nebula  l/10th  as  massive.  In  addition  we  considered  the  effects  of 
Triton  s passage  on  the  nebula.  At  each  encounter  a cylinder  of  gas  is  dispersed.  The  resulting 
hole  in  the  nebula  is  filled  by  a combination  of  pressure  gradient  flow  in  the  azimuthal  direction, 
and  viscous  spreading  in  the  radial  direction.  The  time  for  the  pressure  gradient  to  equilibrate 
azimuthally  is  about  0. 1 years  or  less  for  our  model.  Therefore,  if  the  kinematic  viscosity  of  the 
nebula  is  low  enough,  Triton  should  be  able  to  so  deplete  the  gas  in  the  annular  region  it  interacts 
with  that  its  orbit  cannot  evolve  further  by  gas  drag.  This  annular  clearing  phenomenon  is  shown 
in  Fig.  3,  which  is  a surface  density  versus  radius  plot  for  the  low  mass  nebula.  The  results  of 
initial  encounters  at  7,  10  and  15  /?N  are  shown.  The  width  of  the  cleared  annulus  increases 
outwards  primarily  because  of  the  increase  in  scale  height  of  the  nebula.  The  surface  densities  in 
the  cleared  lanes  are  all  below  100  kg/m2.  Figure  4 shows  the  evolution  times  for  interactions  with 
the  low-mass  nebula.  As  in  Fig.  1 initial  encounter  takes  place  at  minimum  angular  momentum, 
but  in  this  case  the  starting  inclination  was  160°  for  all  cases.  The  calculations  were  halted  when 
on  each  passage  through  the  nebula  the  ratio  of  gas  mass  encountered  to  Triton’s  mass  fell  below 
10-7.  At  this  point  the  region  of  the  nebula  that  Triton  interacts  with  has  been  thinned  nearly  a 
thousandfold  and  orbital  evolution  by  gas  drag  halts.  Initial  encounters  further  out  than  15  RN 
were  not  considered,  as  insufficient  energy  is  dissipated  during  the  initial  encounter  to  make 
permanent  capture  likely. 

Conclusion.  Oscillations  of  Triton  s orbit  in  and  out  of  the  protosatellite  nebula  can  extend 
the  timescale  for  evolution  by  gas  drag  to  O 105  years  for  specific  initial  conditions.  While  this  is 
still  shorter  than  estimates  for  the  lifetime  of  the  T Tauri  phase  (which  may  be  indicative  of  the 
lifetime  of  the  protosatellite  nebula),  it  may  be  that  capture  occurs  towards  the  end  of  the  nebula’s 
lifetime,  or  turbulent  dissipation  may  cause  the  nebula  to  evolve  rapidly.  Another  possibility  is  that 
Triton  may  be  able  to  clear  the  gas  from  an  annulus  about  the  region  it  interacts  with  and 
self-terminate  its  orbital  evolution.  This  is  of  particular  relevance  to  low-mass  (high-Z  element 
enriched)  nebulae,  which  may  be  the  most  likely  to  have  formed  around  Uranus  and  Neptune  [7J. 
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p _ “self— termination”  to  work  the  nebula  kinematic  viscosity  probably  has  to  be  less  than  O 10* 

552ss==ss^i==s -fsx 

to  reconcile  capture  with  the  gas  drag  timescale.  ,,  Qoq\  haSA  TM  4130, 
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The  figures  are  described  in  the  text. 
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ON  THE  TIDAL 
Laboratory 


EVOLUTION  OF  BINARY  ASTEROIDS  A.N.  Harris,  Jet  Propulsion 


«S™idJ1n»?""B  t?ha t the3 n e ar°  ea r t h 
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Objects  A Similar  modal’ . 216.Kleopatra)  are  suggestive  of  contact  binary 
liahtcurvp  U\  tL  d has  been  proposed  for  624  Hektor,  based  on  its 
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the  synchronous  orbit  radius  inside  of 
the  tidal  evolution  will  be  inward, 
satellite  will  evolve  into  contact  with 
has  been  recognized  for  a long  time 
explored. 


up  the  primary  sufficiently  to  bring 
the  satellite  orbit.  In  this  case, 
with  the  ultimate  result  that  the 
the  primary.  This  evolutionary  track 
(6,  9,  10),  but  has  not  been  well 
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BINARY  ASTEROIDS:  Harris,  A.W. 

experession  is  that  it  has  a value  of  about  (2-3)P0  over  the  en tire  range  of 
interest  here  - binaries  of  size  ratio  > 0.5  and  initial  planet  period 
slower  than  about  6 hours  (see  Figure  1).  Hence  if  a massive  binary  is 
formed  by  the  splash-off  mechanism,  but  does  not  initially  settle  into  an 
orbit  outside  of  the  synchronous  limit,  the  final  end  state  will  be  a contact 
binary  with  a spin  period  of  about  4 to  6 hours.  All  of  the  above  mentioned 
possible  binary  objects  have  periods  in  that  range  (624  Hektor  s period  of 
6.921  hours  is  only  slightly  outside).  A provocative  aspect  °£AhlTs  m°d  iqqq 
formation  is  that,  if  it  applies  to  very  small  asteroids  (1627  Ivar,  1989 
PB),  then  it  must  work  in  the  current  regime  of  very  high  velocity 
since  such  small  bodies  are  expected  to  be  coll lsionally  young. 


collisions 


Figure  1.  Final  rotation  period  of  a contact  binary  after  tidal  evolution 
from  an  initial  orbit  at  a/R  * 2.0.  The  abscissa  is  the  ratio  of  the  radius 
of  the  secondary  to  that  of  the  primary;  the  ordinate  is  the  final  rotation 
period  of  the  contact  binary.  Each  curve  is  for  the  specified  initial 
rotation  period  of  the  primary. 
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CHAPTER  5 


PLANETARY  INTERIORS,  PETROLOGY,  AND 
GEOCHEMISTRY 
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PROPERTIES  OF  PLANETARY  FLUIDS  AT  HIGH  PRESSURES  AND 
TEMPERATURES 

William  J.  Nellis,  Lawrence  Livermore  National  Laboratory,  University  of 
California,  Livermore,  CA  94550 


Observational  data  obtained  by  Voyager  space  probes  to  the  giant  planets 
Tupiter,  Saturn,  Uranus  and  Neptune  have  provided  valuable  information 
which  is  used  to  refine  our  picture  of  the  nature  of  the  interiors  of  these  planets. 
Most  timely  are  the  Voyager  U flyby’s  of  Uranus  m 1986 > and  Neptune  " 

Jupiter  and  Saturn  are  thought  to  consist  primarily  of  hydrogen  and  helium  11  ]. 
Uranus  is  thought  to  consist  of  an  outer  layer  primarily  of  hydrogen  andhelium 
and  an  inner  layer  rich  in  the  "ices,"  especially  water  possibly  mixed  with  liqu  d 
silicates  [1,2].  Density  distributions  calculated  for  Uranus  [2-5]  from  the 
gravitational  movements  derived  from  the  observed  precessions  of  its 
rings,  and  from  its  mass,  radius,  and  rotational  rate  are  plotted  in  Fig.  1.  wo 
the  models  show  a dense  "rocky"  core,  although  the  sensitivity  of  the  external 
gravitational  field  is  weak  to  the  relatively  small  mass  at  such  great  dep  . e 
low-density  region  at  radii  greater  than  about  0.75  Ru,  where  Ru  » the ; radius s of 
Uranus,  is  the  H2-rich  envelope.  The  region  at  radii  less  than  about  0.75  Ru  is  the 

The  magnetic  fields  of  these  planets  are  produced  by  dynamos  generated  by 
the  convection  of  high-temperature  conducting  fluids  in  the  outer  -30%  of  the 
planetary  radii  [6].  Pressures  extend  up  to  the  100  GPa  (Mbar)  range  and  several 
1000  K in  these  regions.  Pressures  and  temperatures  in  the  deep  interiors  extend 
up  to  several  TPa  in  Jupiter  and  Saturn  and  to  about  500  GPa  m Uranus  and 

^ Our  goal  is  to  obtain  equation-of-state  (EOS)  and  electrical  conductivity  data 
for  planetary  "ices"  (H20,  CH4,  and  NH3,  and  their  mixtures)  and  gases  (H2  and 
He)  considered  to  be  major  constituents  of  the  giant  planets.  These  data  are 
needed  to  test  theoretical  databases  used  to  construct  models  of  the  chemical 
composition  of  planetary  interiors,  models  which  are  consistent  with  observab  es 
such  as  mass,  diameter,  gravitational  moments,  rotation  rate  and  magnetic  field. 
The  100  GPa  pressures  and  several  1000  K temperatures  in  the  giant  planets  can 
be  achieved  in  the  laboratory  by  the  shock  compression  of  liquid  specimens. 

In  the  last  year  four  successful  EOS  experiments  were  performed  on 
"synthetic  Uranus,"  an  H-rich  liquid  with  an  H:0  composition  ratio  of  3.5:1  and 
abundance  ratios  close  to  cosmological  for  0:C(7:4)  and  0:N(7:1).  This  liqui 
mixture,  which  is  representative  of  Neptune  as  well,  is  a solution  of  water, 
ammonia,  and  isopropanol  (C3H80)  with  mole  fractions  of  0.71,  M s and  0 15 
respectively.  Because  these  polar  molecules  are  mutually  soluable  at  ambient 
conditions,  high-pressure  and  high-temperature  specimen  holders  to  mix 


189 


CUV.M*'i  i s-'j- 


PAGE. 


JNJENIIOm*  iMM 


methane  with  water  and  ammonia  are  not  necessary.  The  new  data  complement 
previous  single-shock  data  [7]  and  a double-shock  point  for  synthetic  Uranus  to 
produce  a complete  (P,V,E)  experimental  database.  The  four  double-shock  points 
are  in  the  range  0.98  - 2.2  Mbar.  Our  new  2.2  Mbar  experiment  achieved  a density 
of  3.1  g/ cm3,  which  from  Fig.  1 probes  a depth  of  about  0.5  Ru.  The  region  for 
radii  >0.5  Ru  is  the  region  probed  most  sensitively  by  gravitational  moments. 
Our  four  double-shock  EOS  points  and  highest-pressure  single-shock  point  are  in 
excellent  agreement  with  Uranian  adiabats  calculated  by  Hubbard  and  Marley  [1], 
This  agreement  suggests  that  the  inner  region  of  Uranus  might  be  composed 
primarily  of  the  ices.  However,  chemical  compositions  cannot  be  derived 
uniquely  from  laboratory  data  alone.  The  same  density  distribution  could  also  be 
caused  by  a mixture  of  hydrogen  and  rock  [2], 

We  have  performed  a double-shock  temperature  experiments  on  synthetic 
Uranus,  which  produced  a preliminary  temperature  of  about  3100  K at  about  0.75 
Mbar.  Temperature  data  are  important  to  provide  good  estimates  of  the 
temperature  inside  Uranus  and  Neptune.  Internal  temperatures  are  quite 
uncertain  in  current  planetary  models. 

We  have  also  just  performed  the  first  successful  measurement  of  the 
electrical  conductivity  of  hydrogen  at  high  shock  pressure  and  temperature.  At 
this  juncture  in  our  planetary  program,  measuring  the  electrical  conductivities 
and  shock  temperatures  of  hydrogen  are  the  most  important  measurements  we 
can  make.  These  data  are  important  for  understanding  the  magnetic  fields  of  all 
the  giant  planets.  Because  conductivity  a scales  sensitively  as 

a a exp(-Eg/kT), 

where  Eg  is  the  bandgap  at  density  p,  and  T is  temperature  at  density  p,  both  o 
and  T must  be  measured  to  check  theoretical  density  dependences  of  band  gap 
[8,9]  and  shock  temperatures  [10].  Once  scaling  parameters  for  o are  obtained,  an 
experimentally  validated  conductivity  model  will  be  available  for  modeling  the 
magnetic  fields  of  the  giant  planets.  These  results  will  also  provide  a measure  of 
the  narrowing  of  the  bandgap  of  molecular  H2  with  density  as  it  approaches 
metallization,  a subject  of  fundamental  scientific  interest. 

References 


1.  W.  B.  Hubbard  and  M.  S.  Marley,  "Optimized  Jupiter,  Saturn,  and  Uranus 
Interior  Models,"  Icarus  78, 102-118  (1989). 

2.  A.  M.  Podolak,  W.  B.  Hubbard,  and  D.  J.  Stevenson,  "Models  of  Uranus' 
Interior  and  Magnetic  Field,"  preprint  (1988). 

3.  D.  J.  Stevenson,  "Uranus,"  Bull.  Am.  Astron.  Soc.  19,  851  (1987). 

4.  M.  Podolak  and  R.  T.  Reynolds,  "The  Rotation  Rate  of  Uranus,  Its  Internal 
Structure,  and  the  Process  of  Planetary  Accretion,"  Icarus  70,  31-36  (1987). 


190 


6. 


8. 


9. 


10. 


T.  V.  Gudkova,  V.  N.  Zharkov,  and  V.  V.  L«»nfev,  "Models  of  Uranus  and 
Neptune  with  Partially  Mixed  Envelopes,  Sol.  Sys.  Res.  22,  16-29,  (1989) 
[Translation  of  Russian:  Astron.  Vestn.  22,  23-40  (1988)].  _ , 

R.  L.  Kirk  and  D.  J.  Stevenson,  "Hydromagnetic  Constraints  on  Deep  Zonal 

How  in  the  Giant  Planets,"  Astrophys.  J.  316,  836-846  (1987). 

W.  I.  Nellis,  D.  C.  Hamilton,  N.  C.  Holmes,  H.  B.  Radousky,  F.  H.  Ree,  A.  C. 
Mitchell,  and  M.  Nicol,  "The  Nature  of  the  Interior  of  Uranus  Based  on 
Studies  of  Planetary  Ices  at  High  Dynamic  Pressure,  Science  240,  779-781 

(1988) 

C.  Friedli  and  N.  W.  Ashcroft,  "Combined  Representation  Method  for  Use 
in  Band-Structure  Calculations:  Application  to  Highly  Compressed 

Hvdroeen,"  Phys.  Rev.  16B,  662-672  (1977). 

B.  I.  Min,  H.  J F.  Jansen,  and  A.  J.  Freeman,  Tressure-Induced  Electronic 
and  Structural  Phase  Transitions  in  Solid  Hydrogen,  Phys.  Rev.  33B/  6383- 

M9  Ross,  F.  H.  Ree,  and  D.  A.  Young,  "The  Equationof  State  °^°leCular 
Hydrogen  at  Very  High  Density,"  J.  Chem.  Phys.  79, 1487-1494  (1983). 


191 


AMMONIA-WATER  DENSITIES  AND  PHASE  RELATIONS  TO  FOUR  KILOBARS  D u Hogenboom’  and  J.S. 
Kargel2;  lPhysics  Department,  Lafayette  College,  Easton,  PA  18042;  2Lunar  and  Planetary  Laboratory,  University  of 
Arizona,  Tucson,  AZ  85721 

Introduction.  Ammonia-water  cryovolcanism  is  widely  suspected  to  have  been  important  in  the  evolution  of  icy 
satellites  in  the  outer  solar  system.  We  report  experimental  determinations  of  ammonia-water  liquid  densities  and 
solid-liquid  phase  relations,  following  from  previous  work  [1-3].  We  have  determined  ice  liquidus  temperatures  for 
liquids  containing  10,  20,  and  28.6  wt.  % NJ I3  at  several  pressures,  and  the  melting  behavior  of  ammonia  hydrates  at 
several  pressures  for  mixtures  containing  28.6  and  32.1%  NHj.  Our  new  data  cover  the  entire  range  of  interior  pressures 
in  small  to  intermediate  sized  icy  satellites  and  in  the  outer  200  kilometers  or  so  of  the  largest  icy  satellites. 

The  Experiment  Our  apparatus  and  procedure  have  been  modified  slightly  from  those  described  previously  [1]. 
The  essential  components  of  the  system  are  shown  in  Figure  1.  The  change  in  volume  of  the  sample  is  measured  with 
a transducer  which  detects  the  position  of  an  alnico  magnet  floating  on  a mercury  column.  The  transducer  generates 
a DC  voltage  which  changes  as  the  sample  volume  changes.  After  calibrating  with  water  and  correcting  for  compression 
of  the  mercury  and  sample  in  the  expansion  pipe  we  estimate  the  uncertainty  in  our  reported  densities  is  less  than 
0.15%.  A comparison  of  our  densities  with  direct  volumetric  measurements  [3]  indicates  a similar  uncertainty. 

Since  our  last  report,  the  temperature  measurement  and  control  system  has  been  improved  by  placing  the  silicon 
diode  thermometer  in  a copper  sleeve  in  good  thermal  contact  with  the  sample  pressure  vessel.  A heating  tape  was  also 
used  to  balance  the  heat  lost  to  the  liquid  nitrogen  bath,  permitting  good  control  of  heating  and  cooling  rates. 

Liquid  and  solid  volumes.  The  density, />,  of  28.6  wt.%  NH3-H20  at  roughly  20  bars  is  given  as  a function  of 
temperature,  T,  by  the  equation  q - 0.997612  - 0.185481xl0’3T  - 0.498297  x 10*6T2.  The  density  of  the  ammonia 
dihydrate-composition  liquid  (32.1  wt.%  NH3)  at  303.15  K is  given  as  a function  of  pressure  by  the  equation/) « 0.8789 
+ 0.3645xl0*«P  - 0.2434xl0»P2,  where  P is  in  kilobars. 

Since  we  can  not  directly  observe  the  contents  of  the  bomb  we  rely  on  the  volumetric  behavior  of  the  system  to 
infer  the  identity  of  solid  phases.  We  observe  two  solid  phases,  apparently  water  ice-F  and  ammonia  monohydrate,  which 
are  less  dense  than  co-existing  ammonia-water  liquids.  We  also  observe  solids  which  are  denser  than  the  liquid, 
apparently  including  ammonia  dihydrate  and  ices-II,  -III,  and  -V. 

Supercooling  and  crystallization  behavior.  Samples  were  quickly  cooled  (several  K/minute)  from  room  temperature 
to  about  120  K,  without  crystallization,  where  the  temperature  then  remained  more  or  less  constant  for  several  hours, 
and  then  began  to  warm  slowly  (about  0.03  K/minute).  Failure  to  cool  below  about  130  K at  least  for  several  hours 
typically  failed  to  result  in  crystallization  of  ammonia  hydrate.  Given  the  necessary  time  and  temperature  conditions 
we  typically  observed  a 3-  to  4-fold  increase  in  the  warming  rate  of  the  bomb  and  the  enclosed  sample  in  the  interval 
from  about  130  to  140  K.  This  enhanced  warming  was  often  accompanied  by  a slight  decrease  in  voltage.  We  interpret 
these  effects  to  be  due  to  the  volumetric  adjustment  and  latent  heat  release  caused  by  the  crystallization  of  ammonia 
dihydrate. 

Solid-liquid  phase  relations.  Figures  2 and  3 show  representative  temperature-voltage  plots  for  crystallized  mixtures 
containing  28.6  wt.%  NH3  (voltage  is  inversely  related  to  density).  For  pressures  of  one  kilobar  and  lower  the  melting 
behavior  of  mixtures  of  ice  and  ammonia  dihydrate  is  simple.  The  iso-voltaic  stretch  on  the  warming  curves  in  Figures 
2 and  3 is  due  to  the  plugging  of  the  bomb  with  crystals.  Melting  at  20  bars  occurs  cleanly  at  176.2  +-  0.2  K,  in 
agreement  with  the  peritectic  melting  point  at  1 atm  (20  bars  pressure  has  a negligible  effect  on  the  melting  point). 
Melting  is  indicated  by  a sharp  rise  in  voltage  as  the  bomb  first  unplugs  and  then  as  ammonia  dihydrate  yields  a less 
dense  peritectic  liquid  phase  plus  a small  amount  of  water  ice.  The  melting  reaction  is  reversible  (ammonia  dihydrate 
re-crystallizes)  if  the  sample  is  re-cooled  very  slowly  (0.01  K/min)  before  all  the  ammonia  dihydrate  has  melted. 

Above  one  kilobar  a more  complex  (but  repeatable)  melting  behavior  is  usually  observed  (Figure  3).  The  sample 
apparently  crystallizes  to  ammonia  dihydrate  but  it  melts  differently.  In  the  first  stage  of  melting  the  voltage  rises 
sharply.  But  instead  of  levelling  off  at  a value  near  that  of  the  ice  melting  curve,  as  it  does  below  1 kilobar,  the  voltage 
continues  to  rise.  The  voltage  peaks  and  then,  in  the  second  stage  of  melting,  descends  toward  the  ice  melting  curve. 
Endothermic  effects  indicative  of  a melting  reaction,  observable  as  a depression  in  the  warming  rate,  occur  continuously 
during  both  these  stages  of  melting.  The  first  stage  of  melting  is  consistent  with  the  melting  of  ammonia  dihydrate  and 
its  partial  re-crystallization  to  a low-density  assemblage  of  water  ice  and  ammonia  monohydrate;  this  stage  apparently 
is  irreversible  (ammonia  dihydrate  does  not  re- crystallize),  since  the  voltage  continues  to  rise  if  the  sample  is  slowly 
re-cooled  before  the  first  stage  of  melting  is  complete.  The  second  stage  of  the  reaction  is  consistent  with  the  eutectic 
melting  of  ammonia  monohydrate  and  water  ice.  The  second  stage  is  reversible  (ammonia  monohydrate  can  be 
re-crystallized)  if  the  sample  is  very  slowly  re-cooled  prior  to  the  final  disappearance  of  ammonia  monohydrate.  Excess 
water  ice  melts  gradually  after  the  ammonia  hydrates  have  completely  melted;  the  liquidus  is  indicated  in  Figure  3 by 
the  break  in  slope  where  the  warming  curve  meets  the  liquid  cooling  curve. 

The  observations  above  seem  to  imply  that  ammonia  dihydrate  is  the  stable  ammoniacal  phase  near  the  melting 
point  below  1 kilobar,  whereas  ammonia  monohydrate  is  stable  above  1 kilobar  (although  ammonia  dihydrate  may  exist 
metastably  above  a kilobar).  Figure  4 is  a phase  diagram  of  the  mixture  containing  28.6%  NH3.  The  solidus,  including 
the  metastable  dihydrate  melting  curve,  has  been  reproduced  in  several  experiments.  The  liquidus  is  preliminary. 

In  accordance  with  prior  expectations  [2]  we  find  that  the  ice-1  liquidus  drops  to  lower  temperatures  and  the 
peritectic  shifts  to  slightly  water-richer  compositions  as  pressure  is  applied.  Apparently  around  200  bars  the  peritectic 
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composition  crosses  that  of  ammonia  dihydrate;  ammonia  dihydrate  melting  then  becomes  congruent,  and  the  peritectic 
becomes  a eutectic.  This  eutectic  becomes  more  water  rich  as  pressure  is  applied,  finally  attaining  a minimum  of  about 

29%  NH-.  at  2 kilobars.  ....... 

Implications.  1)  Igneous  distillation  of  solar  system  ices  by  partial  melting  and  then  re-melting  can  yield  liquids 
as  ammonia-rich  as  35.4  wt.%  NHj  (the  monohydrate-dihydrate  eutectic)  at  pressures  less  than  about  200  bars,  but 
above  this  pressure  the  accessible  liquid  compositions  are  restricted  to  the  water-rich  side  of  the  ice-dihydrate  eutectic. 
2)  High-pressure,  relatively  water-rich  eutectic  liquids  are  forced  to  precipitate  water  ice  as  they  ascend  ana 
de  pressurize,  resulting  in  relatively  viscous  slurries.  3)  A high  pressure  transition  in  one  of  the  ammonia  hydrates  is 
required  at  some  pressure  between  4 and  10  kilobars  to  fit  both  these  data  and  those  of  [2], 
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Figure  1.  Schematic  of  high-pressure  apparatus. 


Figure  3.  Melting  at  1500  bars  showing  metastable 
dihydrate  melting  followed  by  stable  monohydrate 
melting  at  their  respective  eutectics. 
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HIGH  PRESSURE  COSMOCHEMISTRY  OF  MAJOR  PLANETARY  INTERIORS: 

LABORATORY  STUDIES  OF  THE  WATER-RICH  REGION  OF  THE  SYSTEM  AMMONIA-WATER 

AND  METHANE  HYDRATE  CLATHRATE 
Malcolm  Nicol  and  Steven  Boone 
Department  of  Chemistry  and  Biochemistry 
University  of  California,  Los  Angeles,  CA  90024-1569 

Ammonia,  methane,  and  water  are  believed  to  be  major  components  of  primordial  solar  system  ices. 
Celestial  bodies  of  the  outer  solar  system  probably  incorporated  large  amounts  of  these  ices  into  their 
interiors  during  accretion.  Our  understanding  of  the  histories,  dynamics,  and  structures  of  these  objects 
depends  upon  our  understanding  of  phase  relationships  and  thermodynamic  properties  of  mixtures  of  these 
materials  at  high  pressures.  Few  laboratory  measurements  are  available  so  models  of  these  major  planets 
and  satellites  make  simple,  rather  arbitrary  assumptions  concerning  their  "rock"  cores  or  "ice"  layers.  Our 
studies  are  designed  to  measure  properties  of  "gas-ice"  mixtures  at  pressures  relevant  to  planetary  problems, 
1 GPa  and  higher  pressures.  We  have  determined  pressure-temperature-composition  (P-T-X)  diagram  of 
binary  mixtures  of  ammonia  (NH3),  water  (H20),  and  methane  CH4. 

During  the  past  year,  Dr.  Boone  [1989]  completed  his  dissertation  research  and  reported  his  studies 
of  the  phase  relations  of  mixtures  of  ammonia  and  water,  (NH3)^*  (H  20).,_x,  with  compositions  0.32  < X 
< 0.51  at  pressures  to  6.5  GPa  and  temperatures  from  125  to  400  K.  He  made  in  situ  microscopic 
observations  of  the  samples  under  polarized  light  to  determine  phase  boundaries  and  to  identify  the  stable 
phases.  A major  outcome  of  this  study  is  the  first  determination  of  the  congruent  melting  curve  of  ammonia 
dihydrate,  NH3*  H 20.  Recent  models  [Lunine  and  Stevenson,  Icarus,  1987]  suggest  that  this  dihydrate  and 
ammonia  hydrate,  NH3-  H 20,  are  important  in  the  evolution  of  the  interior  and  surfaces  of  the  icy  satellites. 
Dr.  Boone  described  his  measurements  of  the  melting  curve  between  0.06  GPa  and  179  K to  1.4  GPa  and 
243  K by  the  equation  Tm/K  = 176  + 60  x (P/GPa)  - 8.5  x (P/GPa)2.  He  also  grew  large  crystals  of  this 
dihydrate  for  the  first  time  and  attempted  to  measure  their  x-ray  diffraction  pattern.  However,  the  available 
x-ray  sources  were  too  weak.  Further  work  will  be  done  when  we  can  obtain  time  on  a diffractometer  with 
a rotating  Mo-anode  source.  From  his  data  and  other  measurements  of  equilibrium  properties  of  water  ice 
and  ammonia  monohydrate  made  in  our  laboratory  [Johnson  et  al.,  1985;  Johnson  and  Nicol,  1987; 
Koumvakalis,  1988;  Cynn  et  al.,  1989],  Dr.  Boone  constructed  a phase  diagram  for  the  water-rich  ammonia 
water  system  to  450  K which  will  be  described  in  a forthcoming  publication. 

Dr.  Boone  also  loaded  a few  samples  of  methane  and  water  into  diamond-anvil  cells  as  solid 
methane  hydrate  clathrate,  measured  their  Raman  spectra,  and  observed  their  behavior  at  pressures  from 
0.4  to  5.0  GPa  and  temperatures  from  296  to  323  K.  The  Raman  spectra  indicated  that  methane  hydrate 
clathrate  decomposes  to  high  pressure  ices  and  solid  methane  at  pressures  above  2.0  GPa  at  295  _+  5 K. 
Visual  observations  at  higher  pressures  suggest,  however,  that  only  one  phase  was  present.  Further  work 
on  this  system  is  planned. 
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The  planets  Uranus  and  Neptune  are  very  similar  in  mass  and  radius.  They  were  formed 
in  the  same  genera,  region  of  the  solar  nebula.  Their  magnetic  held,  are 
although  they  differ  significantly  from  those  of  the  other  planets.  ne  wo 
Ilpect  that  their  interiors  and  compositions  are  a, so  similar.  The  1. 1 hr  rotation , P-d 
for  Neptune  previously  deduced  from  atmospheric  motxons  by  Earth-based  p y 

[11  seemed  to  require  a quite  different  interior  structure  for  the  two  planets.  In  ee 
assumption  of  similar  interior  structure  and  composition,  together  with  some  occult.t.on 
observations  [2]  led  us  to  suggest  [3]  that  the  18  hr  period  referred  to  the  cloud  mo  , 
while  the  body  of  the  planet  rotated  considerably  faster.  This  suggest, on  was  confirm*! 
by  Voyager  which  measured  a rotation  period  of  16.1  hr  [4\.  Voyager  also  measured  two 
rXole  moments  of  Neptune,  gravitational  field,  J,  (=  3.411  ±.0010  * 10-  and 
j ^ _2  g+t  s x io-s)  [5).  These  two  parameters  put  useful  constraints  on  e in  enor 

density  distribution,  so  improved  models  of  the  planet  can  be  computed. 

Our  models  are  composed  of  three  layers.  The  innermost  layer  is  a core  of  “rock", 
composed  of  a mixture  of  SiO„  MgO,  Fe,  and  Ni  in  solar  proportions.  The  middle  layer  » 
composed  of  “ice” , a mixture  of  H.O,  NH„  and  CH4,  also  in  solar  proportion.^  The  outer- 
most layer,  or  “envelope”  is  composed  of  a solar  mix  of  Hs  and  He,  with  H.O,  NH,  and  . 
also  present  and  with  their  abundance  relative  to  Hj  and  He  enhanced  by  a factor  A over 
their  abundance  in  solar  composition.  The  models  were  fit  to  the  observed  mass  ra  ,u, 
one-bar  temperature;  J,;  and  *.  For  A = 1 (solar  abundances),  J , can  be  matched  wdh 
,/B  = n.  Significantly  larger  value,  of  A give  a J,  that  is  too  large  in  absolute  value.  This 
is  qualitatively  similar  to  the  case  for  Uranus,  where  the  models  also  require  a nearly  solar 

composition  envelope  [6,7] 

The  figure  shows  a density  distribution  for  this  model  compared  to  the  density  distri- 
bution for  a three  shell  model  of  Uranus  with  A = 1 and  I/R  - 30,  a model  t at  gives  a 
best  fit  to  that  planet.  The  chief  difference  between  the  two  planets  appears  be Ah 
of  J/B.  It  should  be  noted,  however,  the  density  of  “ice”  is  very  similar  to  the  density 
mixture  of  75%  “rock”  and  25%  “gas”  |8],  Thu,  the  middle  layer  in  our  models,  which 
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have  assumed  to  be  composed  of  “ice” , may,  in  fact,  represent  a mixture  of  ice,  rock  and 
gas,  where  the  ratio  of  rock  to  gas  is  3:1  by  mass. 

If  we  assume  that  the  ice  shell  is  composed  of  a mass  fraction  q of  ice,  .75(1  — of 
rock,  and  .25(1  — g)  of  gas,  and  that  I / R for  both  Uranus  and  Neptune  is  0.5,  roughly  the 
value  for  TViton  and  Pluto  [9],  we  find  q = 0.28  for  Uranus  and  0.30  for  Neptune,  so  that 
the  q s are  nearly  equal  for  the  two  planets.  Other  choices  of  I/R  give  similar  results. 

In  view  of  the  possibility  of  very  similar  structures  and  compositions  for  Uranus  and 
Neptune,  the  difference  between  the  internal  heat  sources  of  the  two  planets  is  very  striking. 
Neptune,  like  Jupiter  and  Saturn,  radiates  about  twice  as  much  energy  as  it  receives  from  the 
sun,  while  Uranus’  internal  radiation  is  so  low  as  to  be  essentially  undetectable.  If  Neptune 
were  to  orbit  the  sun  at  the  distance  of  Uranus,  the  ratio  of  its  total  emitted  energy  to 
absorbed  solar  energy  would  be  about  1.7,  similar  to  the  value  for  Jupiter.  In  Jupiter,  parts 
of  the  interior  are  stably  stratified  and  the  heat  flux  vector  has  a significant  meridional 
component,  so  that  the  heat  flux  is  shunted  to  the  poles  [10].  A condition  unique  to  Uranus 
is  the  large  tilt  of  the  rotation  axis  (98°),  combined  with  the  long  radiative  time  constants 
of  the  atmosphere,  which  are  comparable  to  or  exceed  the  orbital  period  at  pressure  levels 
greater  than  10  mbar  [11].  These  two  proprties  of  Uranus  imply  that  to  a large  extent 
the  sun  appears  to  the  planet  as  an  almost  globally  averaged  heat  source.  We  suggest 
that  the  solar  insolation  affects  the  heat  transport  and  therefore  statically  stable  interior 
regions  exist.  Since  every  point  in  the  atmosphere  is  effectively  heated  by  the  sun  because 
of  the  long  radiative  time  constant,  the  internal  heat  flux  may  be  suppressed  at  all  latitudes 
for  Uranus.  In  contrast,  since  Neptune  has  an  obliquity  of  about  29°,  most  of  the  solar 
insolation  occurs  at  low  latitudes.  The  interior  heat  flux  of  Neptune  should  be  shunted 
towards  higher  latitudes,  as  apparently  occurs  for  Jupiter. 
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200  K;  W.  B.  Durham, 


IS 

gics  at  very  low  temperatures  Y tCS  °f  JupitCT  ^ bcy0nd  can  addressed  by  studying  rheolo- 

In  Figure  1 we  compare  the  flow  of  several  important  planetary  ices  as  measure  in  n,„  i„k~  . 
the  past  several  years.  The  plot  includes  only  the  results  for  T < 2^K  whirh  ^i  „ ^ laboratory  over 

face  of  Jupiter's  icy  moons  tfnd  to  more  stgmta  depths,"  tie mc^ns if I^SlevZ  ’'fiir'J'  SUr’ 
have  been  done  under  hich  pressures  and  lnw  tpmnnran.rAc  thm  iJt  ! . oaiurn  ana  beyond.  Our  experiments 


200  K 180  K 160  K 140  K 
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Figure  1.  Laboratory  results  for  ductile  flow  of  planetary  ices  at  T < 700  v t in**  cu 
mate  straight-line  fits  to  measurements  (individual  data  not  shown)’  no  extrapolations 

ST£1S  'vcr5  Tf  M, a fucd  m™**  of  loS  on  M(r>  s;>  US 

SK^s^ 

KSrtiSSi  S,wdr 'Lfl  W £ ^ 

srssjr  *ai  is  d,ou8h' ,o  * 
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RHEOLOGY  OF  PLANETARY  ICES  AT  T < 200  K:  Durham,  W.  B.  and  Kirby,  S.  H. 


We  have  measured  the  flow  and  fracture  of  four  varieties  of  planetary  ices  in  our  work  to  date:  (1)  pure 
water  ice,  including  several  of  its  high-pressure  polymorphs,  (2)  mixtures  of  water  ice  + particulates,  mainly  sil- 
ica, in  volume  concentrations  of  <1%  to  56%;  (3)  ices  in  the  system  NH3-H20,  in  concentrations  of  NH3  from  1 
to  29  wt%;  and  (4)  methane  clathrate,  with  an  approximate  formula  CH4-6H2(J. 

Because  of  a logarithmic  scale  along  the  differential  stress  axis  in  Figure  1,  the  flow  laws  for  pure  water 
ices  I and  II  water  ice  with  low  concentrations  of  rock  and  with  low  concentrations  of  NH3,  and  the  one  point 
for  methane ’clathrate  are  in  close  proximity.  The  differences  between  these  rheologies  are  more  noticeable  if 
one  prefers  to  think  in  terms  of  viscosity  contrasts  because  of  the  strong  sensitivity  of  strain  rate  (e)  to  stress 
(a).  The  relationship  is  observed  to  be  of  the  form  e = cr"  where  n = 4 to  6 depending  on  the  particular  ice 

involved. 

Outside  the  cluster  of  rheologies  in  the  center  of  the  figure  are  a spectrum  of  planetary  materials  that  is 
many  orders  of  magnitude  more  viscous:  mixtures  of  ice  and  rock  at  volume  concentrations .ot  rock  above  30%. 
These  may  help  explain  the  slow  viscous  relaxation  of  craters  on  Ganymede  and  Callisto.  There  is  also  a spec- 
trum of  much  less  viscous  materials:  mixtures  of  water  ice  and  ammonia  dihydrate.  The  rheological  contrast 
between  the  NLL-HiO  mixtures  and  the  other  materials  confirms  the  explanation  for  the  absence  ot  a tectonic 
activity  gradient  in  the  outer  solar  system.  In  the  commonly  held  understanding  of  planetary  formation,  materi- 
als with  lower  melting  temperatures  condensed  farther  from  the  sun  and  hence  havebeen  at  a large  fracuon  o 
their  melting  points  or  have  melted  during  their  histories,  facilitating  internal  flow.  Thus  water  ice  condensed  at 
the  orbit  of  Jupiter,  while  ammonia  dihydrate  probably  condensed  in  significant  amounts  beyond  the  orbit  ot 
Jupiter  (1).  To  a first  approximation,  the  homologous  temperature  of  the  outer  solar  system  is  constant. 

Preliminary  results  for  methane  clathrate  suggest  a break  from  this  simple  relationship  Following  Lewis’s 
(1)  model  for  equilibrium  accretion,  methane  clathrate  is  the  first  methane-rich  phase  to  condense,  and,  at  similar 
pressures,  should  appear  at  solar  radii  beyond  where  ammonia  dihydrate  first  condenses.  We  have  observed  that 
methane  clathrate  at  160  K has  approximately  the  same  viscosity  as  water  ice  at  that  temperature  (Fig.  ).  At 
140  K ductile  flow  appears  to  be  so  difficult  under  laboratory  conditions  that  brittle  failure  at  high  stresses 
occurs’first.  Given  solar  abundances  of  ammonia,  water,  and  methane,  some  early  models  predicted  significant 
if  not  dominant  levels  of  methane  clathrate  with  respect  to  ammonia  dihydrate  on  Triton.  The  magnitude  or  tec- 
tonic activity  on  Triton  shown  in  the  Voyager  images  allows  us  to  conclude  that  methane  clathrate  does  not 
dominate  its  near-surface  (say  < 10-km  depth)  makeup. 

Future  studies  may  help  clarify  the  situation.  More  complex  molecules  of  H,  C,  N,  and  O arc  candidates 
for  solid  phases,  as  are  solid  N2  and  CK,  at  extremely  cold  temperatures.  Laboratory  experiments  at  lower 
strain  rates  will  also  aid  with  the  extrapolations. 
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I Luni£LIATHR  h pf  ST°R,A?E  °F  V0LATILES  ON  MaRS:  Donald  S.  Musselwhite  and  Jonathan 
I.  Lunine,  Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721 

Introduction;  The  polar  caps  of  Mars  represent  the  largest  known  reservoir  for  volatiles  on  the  surface  of 
^ As  such,  any  attempt  to  understand  the  volatile  budget  of  the  planet  must  take  into  account  S^t 

lt^d  S T*1™  COnS1St  °f  tW0  comP°nents  HI:  »)  Remnant  ice  caps  which  overlie  2)  Polar 

Jf-  ? ^ of  u"1*5  ^ characterized  by  numerous  laterally  extensive  horizontal  layers  each  about 
10  to  50  meters  thick.  The  north  and  south  terrains  are  both  very  young.  From  their  lark  nf  anv  taro* 

*eir  age  is  less  than  106  years  [2J.  Ute  permanent  north  polar  caps  are  HyO  ice  I and  dust.  This  coLusionta 
based  on  brightness  temperatures  and  albedo  measured  in  1976  during  Mars'  north  polar  summer  [31  These 

Am°Sptai<:  W““  D““°'  bOrihenUiemisphere  s„1^4 

w«,  ut^SuS  ZX  ,aP°'  °V'r  "°,,h  P°le  " W"‘  w“r  « “ » 

hnchmlt  tCompositdon  of  *e  Permanent  south  polar  cap  is  not  as  clear-cut  as  that  for  the  northern  cap  Summer 
ra  R?  T ’ atmospheric  water  content  are  consistent  with  COy  at  its  sublion  point 

5 . But  an i atanatnre  possibilty  is  HyO-COy  clathrate  being  dm  mam  solid  volatile  phase.  Miller  and  Smythe 
[6]  proposed  this  idea  on  the  basts  of  Mariner  7 data  and  phase  stabilidy  eiperiments  for  CO,  and  HyO.  The 
mperatuie  and  pressure  over  the  south  pole  in  summer  is  within  the  stability  field  for  H20-C0,  clathrate  in 
etpuhbrium  with  CO,  vapor.  In  fact,  under  no  condidons  can  solid  COy  and  HyO  it*  coexist  stably.  The  more 
recent  Vtkmg  measurements  discussed  above  are  also  consistent  with  HyO-COy  clathrate  being  the  main 

ZT‘  1 1 P0I“  CaP!'  cladtrate  a.  dm  Lb  pole  may  ex^in  Z 

pmdtenc.  of  lower  sumnrnrdme  temperatures  above  the  caps  compared  with  dm  north  polar  caps  as  HyO-COy 
clathrate  has  approximately  one-fifth  the  heat  conductivity  of  pure  H2O  ice. 

u V(fl(1!,iln  itt  the  S0Utfl  To  the  assess  the  storage  capacity  of 

md  m n "S  ““  °n  Mare-  h,ve  vapor/claduam  pariidoni  “g  of  LI 

8 • i ,d  C°  USm8  equaUons  devel°Ped  bX  Lunine  and  Stevenson  (1985).  The  abundance  ratio  of  gas 

species  k to  I within  the  clathrate  is  given  by  the  expression: 

Jkl  = {Cik  • Pk  ( 1 + C2k  • Pk  + C2k  • P| )/  ( 1 + C2k  • Pk  + C2k  * P| ) + 3 • C2k  • Pk  } 

+ *Cl1  ’ P|  ( 1 + C2k  * Pk  + C2k  • P| )/  ( 1 + C2k  • Pk  + C2k  • P| ) + 3 • C2|  • P|  } 

clathrate  C = LangmUir  C0"Stant’  ? = ****  PreSSure’  SubscriPts  1 «*  2 refer  to  sites  1 and  2 in  the 

• . JhC  abUnfn,Ce  rati0S  for  ™ch  trace  ^ (Ne,  Ar,  Kr,  Xe,  N2  and  CO)  to  C02  stored  within  the 

each  tS*  C°nS‘antS  “ method  of  [7]*  ^ ^ Pressure  of 

f determined  from  the  volume  mixing  rauos  [8]  and  the  temperature  was  assumed  to  be  150°K 

by  ”maI  of  — * N7  - 

cfi1?  "7°^"  ^ ronu^oLZ  forTZicknes?ofCr 

ru^^s,TrrrZLT“ofeach: ipaiesi 
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CLATHRATE  STORAGE  OF  VOLATILES  ON  MARS:  Musselwhite,  D.S.  and  Lunine,  J.I. 


The  simple  but  important  lesson  to  be  learned  from  this  exercise  comes  m assessing  the  trace  volau  e 
budget  of  Mars  based  on  measurements  of  the  trace  volatile  abundances  in  the  martian  atmosphere.  Smce  if 
indeed  the  south  polar  cap  of  Mars  is  H20  • C02  clathrate,  then  it  also  represents  a more  significant  reservoir  for 
Xe  and  possibly  Kr  than  the  atmosphere.  Thus,  the  abundances  of  these  gas  species  in  the  martian  atmosphere  are 
not  representative  of  these  abundances  for  the  outgassed  portion  of  Mars. 


Figure  1: 


[Gases]  in  Atmosphere  and  Clathrate 
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X (clath) 
X (atmo) 
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Figure  2: 

Abundance  in  Clathrate/Atmosphere 
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SS*  S^s?TOsDjWr  ABUNDANCES  ,N  sediment  samples 

James  L.  Gooding 

SN21/Planetary  Science  Branch,  NASA/Johnson  Space  Center,  Houston,  TX  77058. 

Ilntrodubaik  Tie  life-detection  experiments  on  the  Viking  Landets  obtained  apparently  positive 
responses  whrch,  after  rental  evaination  as  possible  biological  activity,  were  infereed  to  ITsSE  tf 
highly  reactive  inorganic  chemical  agents  in  the  Martian  sediment  samples.  As  reviewed  bv  Klein  111  the 
complete  se,  of  results  imitated  that  at  leas,  two  (and  possibly  three 

w's  eoTludcd  that"  ' fund™e”ta“l'  ‘Ufere"1  ”atnre  of  the  three  biology  experiments  and  their  result!  it 
was  concluded  that,  at  the  minimum,  the  set  of  reactive  agents  possessed  the  capacities  to  evolve  molecular 

cSKn  dLride  *°?  ^ t0  OXldize  simPle  organic  compounds  in  aqueous  solution,  and  to  fix  gaseous 

j'rr  m ° °rms  t at  ^ non-volatile  under  nominal  Martian  surface  conditions  Despite  those 
he^mfr  Properties,  the  oxidization  reactions  received  more  popular  attention  and  the  reactfve  agents 

the  Vilri  own  co  ect.lveJy  “ "oxidants".  Although  the  experiment  teams  explored  various  explanations  for 
ng  results,  derived  values  for  the  abundances  of  the  "oxidants"  were  apparently  never  published 
e simple  calculations  presented  here  purport  to  use  the  Viking  measurements  to  estimate  the 
concentrations  of  reactive  agents  in  the  original  sediment  samples.  Such  estimates  are  needed  both  to 
exSrim  pr.eSei7atl0n  P a“f  for  returned  Martian  samples  and  to  assist  in  design  of  future  Mars  surface 
the  "oxiif n i"  W be  shown’ there  ,s  no  sin8le>  preferred  concentration  value.  Instead,  it  is  found  that 

probably  in  the  range  of  a few  parts  ^ bimon  (ppb)  a few  “ 

mn,iDa!a  3nd  ^SUmpt!°nS-  Upper  Umits  for  abundances  of  the  reactants  can  be  estimated  from  the 

r^ctrhrHp,es,(,e’  the  *****  «**■> » ** 

(GEX),  labelled  release  (LR)  and  carbon  assimilation  (CA;  also  known  as  pyrolytic  felease  pll 
experiments^  Other  samples  showed  less  activity,  presumably  because  they  conlainedfower  abundances  of 
the  active  chemical  agents  Data  used  here  are  those  reported  by  the  original  investor  te^?2-51 
Assuming  a bulk  density  of  1.5  g/cm3  for  the  delivered  soil  samples  of  specified  volume  the  masses  of  he 
samples  analyzed  were  approximately  1.5  g (GEX),  0.75  g (LR),  and  038  g (G^SS rt S £ 

taW“n  ***  rL  “d  — « oreJ 

Most  interpreters  of  the  Viking  biology  results  have  favored  one  or  more  metal  peroxides  or 

Drescnted^het  * C.aCtW^  agent*  for  the  observed  phenomena.  Because  computational  results  of  the  type 
presented  below  depend  on  the  molecular  weight  (hence,  identity)  assumed  for  the  oxidant  !md  foe 

numher^h^  aSSUmC  .OI . lhe  reactions,  caution  must  be  exercised  in  interpreting  the  derived 

oTxtta  F„yr"tan„i“!  ,x°  0n,y  !he  concentrations  of  the  complin 

. , P ^°^owing  results  assume  the  stoichiometry  appropriate  for  alkali-metal 

nor  he  Cf  \ L as  mOCif*  reactants  and  express  results  in  equivalent  concentrations  of  HoOo  It  should 
", thT  wIerreK:  ^°WeVer’ that  thlS  Procedure  represents  an  endorsement  of  H202  as  the  active  agent  in  any 
i mg  10  ogy  experiments.  Alternative  models,  based  on  catalytic  properties  of  clay  minerals  16  71 
deserve  separate  attention  and  are  not  treated  here.  Y mmerals  l6’ '> 

after^Uilwon  ^ F’atS  ^rSt  cyc,e’  humid)  sample  released  790  nmol  02 

process  for  which  lhe  , “ °fa(lUeous  nutrients  W-  l{  evolution  of  02  was  an  inorganic 

O nrS  7 m °rgamc  nutnents  Were  sunP*y  spectators  in  a water/peroxide  reaction  each  mole  of 
02  Produced  would  require  consumption  of  two  moles  of  peroxide: 

M202  + H20-->l/2  02  + 2 MOH. 

?7'9  * 1()-7  g - W5  x 10-6  raol/g  sample.  If  the 

peroxide  was  H2Q2  (t.w.  34.0),  the  implied  abundance  would  be  K 
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(1.05  x 10r6)(34.0)  = 36  ppm. 

Using  laboratory  s—iions^  ™ 

,8]  poinfed  out  that  790  nmol  of  02  couU  bo  „ Mn  in  the  sample.  If  the 

amount  would  correspond  to  only  1.2  x Id4  g “/|  ^ rg]  then  its  equivalent  concentration 

oxidant  was  MnC^H  (f.w.  103.9),  as  suggested  by  Blackburn  at.  l»], 

would  have  been  (1.2  x Id4)  (103.9/54.9)  ..  /thid  —cle)  sample  produced  15,500  dpm  of 

Results  for  LR.  The  LR,  VL-2,  under  NotchR^k  jthird  c£t)  p ^ ^ted  of  7 

14C  after  injection  of  0.115  cm  of  aqueousnu  ^ d ^th  an  average  labelled  activity  of  8 

organic  compounds,  each  at  a concentration  of  2.5  x 

/iCi/nmol  [2],  contained  at  the  minimum  the  number  of  carbon  atoms 

The  carbon  gas  evolved  (presuma  y 2)  t substantiated  by  the  experiment),  the  evolved 

equivalent  to  the  measured  radioactivity.  Most  hke  y ( ^ ^ ^ l4C/(totai  C)  ratio  in  the  original 

gas  also  contained  non-radioactive  carbon  m the  P P?  abundance  are  possible.  The  number  of 

nutrients.  Therefore,  at  least  two  deferent  f^^Ttl^/dt),  where*  = 1.21  x 10^y”  = 
wc  atoms  should  be  related  to  the  decay  rate  according  ( ^ i4C)  "efficiency"  of  carbon 

2.30  x W«  m '.  Thef  fore,  g)l - 149  X 10»  mol  C/g 

consumption  was  [(1.55  x 104  m )/(  • assuming  that  the  specific  activity  (on  a molar  basis) 

sample.  A second,  higher  estunate  could  • .wio/reactionfs)  (The  most  plausible  change,  but  one  not 

of  the  evolved  gas  was  not  changed  by  the  oxi  de  dent fractionation  of  the  carbon  isotopes  by 

addressed  by  the  experiment,  would  have  be  pe  nutrients  and  the  evolved  gas  permits  a gas 

oxidation).  The  assumption  of  = 1.16  x Id’ mol  C/g  sample. 

*-  gex-  ,he  “ ,wo 

estimated  concentrations: 


(1.49  x ld10)(34.0)  = 5.1  ppb 


(1.16  x 109)(34.0)  = 39  ppb. 


A third  estimate  can  be  made  by  acceptmg^  partial  oxidation  of 

labelled  nutrient  was  quantitatively  oxidized  by the  most  react  P ^ consumption  Gf  the  formate 

several  different  nutrients  cannot  be  excluded  by  offered  by  a one-carbon 

nutrient  became  the  favored  interpretation,  because  of*  Z absolute  quantity  of  each 

compound).  Given  the  concentration  and  cm3)  = 2.9  x Id8  mol.  Assuming  the 

nutrient  in  the  subject  experiment  was  ( • * HoCb  basis  the  alternative  estimate  for  the 

same  1:1  stoichiometry  for  oxidation  used  above  and  an  H202  basis, 

"oxidant"  concentration  would  be 


(2.9  x ld8)(34.0)/(0.75)  = 1.3  ppm. 


Results  for  CA/PR.  The  CA/PR,  VL-1,  ”S^dy  ^^th^1S^4c.iabeUedC02andC0  (98:2 
[corrected  Peak  2)  after  incubation  of  0 25  cm  ^iln  atmosphere  (95%  C02)  at  7.6  mb 

by  volume;  total  activity  of  22  jiO)  “ « 4 14c  “ incrcased  the  total  cell  pressure  by  2.2  mb  [2], 

pressure  and  a temperature  of  17  C [ ]•  t f tbe  carbon  actually  fixed  can  be  found  from 

By  analogy  xjth  LR,  the  simplest  ^tZZ  decay  method  used  for  LR,  the 

the  number  of  14C  atoms  that  were  fixe  • waf  i(8.42  x 102  m-1)/(2.30  x Id10  m'1)]/[(6.02  x 1023 

minimum  "efficiency”  for  carbon  fixation  m . ' JL  w;th  LR  (and  ignoring  possible  mass- 

mol-t)(0.38  g)]  = L60  x Id”  mol  C/g  sample.  Aga  n,  ^ »e^imate  L be  made  by  assuming  no 
dependent  fractionation  of  carbon  durmg  reaction),  a along  with  the  labelled 

change  in  specific  molar  activity  during  carbon  fixation  (i.e.,  Martian  CU2 
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“ tbe  Mor'reac'ion  *°<‘“  be  (2.2  x 
Ci/mol.  From  .he  measured  »C  acdvfty  bfcfflL  * a.‘“  K ”of'K»0  *)1  - 1.42  x 10' 
1(8.42 , 102  m')(l  m/60  s)]/[(1.42  x 10'  a/md)(3^ ^l^VCWO^^^ 'fZS"  Tr  / f0“0W,  “ 

3.2  it&sz&z  sxks,  -2J  a “nvei°; faaor  °f  (“ x io" 

f“  f“a,i°n  reaC,im  — »—  «■** 
(1.60  X 10*")(34.0)  - 0.54  ppb  (7.03  x W>')(34.0)  - 2.4  ppb  (7.09  , l(r‘«)(34.0)  - 24  ppb. 

reae^^iuTS^BeS:  S"  “ “ "“t  amo„g  .he 

activity  than  the  '"CO  .ht7hr«  ~Za  ,!  J??  4 expenmemd  gas  spike  possessed  a lower  spLiic 

a 'actor  of  3,  if  CO  ™ a ? ^ “ 

detected °“  *>  ,he  tew  [2,41,  tbe  active  agent 

assumptions)^  tht  ^hree  HW  bhJ™  SUnp,est. UIterPretations  («,  those  with  the  fewest  model 

oxidants/reactants  comprising  36  Dom  fcSl  “"fn abundances  for  ‘he  unidentified 

equivalent  concentrations  of  f^C^The  LR  Jd  CA/PR  result  03 * *  ?Pb|  ^CA/PR)’  when  exPressed  in 

T*  »-*  fo'ecular ^weights  ^ 

specific  number  values  buT  th^  £fl?S?SS?  T T/  ?*  P<**  - not  the 

occurred  at  exceedingly  smaU  f?  ^ ZF"***  for  the  Viking  biology  results 

they  would  require  ei  hefveTS  . ■ “ d ^ different  oxidants/reactants  were tavolved, 

J uuiu  require  eitner  very  high  molecular  weights  fat  least  10  timec  tw  „r  u ~ ’ 

compounds  in  the  laboratoS  SeX  <WT"^  *°  StUdy  these  rare>  “etastable 

identification.  Any  l^Snt™  **  * ***  *o  isolate  for 

diagnostic  analyses  of  analytes  that  Sccur  at  the  ppb  totpm  levek  8 * * *"  **  **  aWe  t0  perform 

[2]  Klein  H.  P,  Hor^Ut^R LevhKJ  cjJerimcnts  on  Mars.  Icarus,  34,  666-674. 

L.,  Straat  P.  A.,  Berd^  B J C bSTJ  g 4 J’ Ridl  A’  Hubbard  J‘  8-  Hobby  G. 

investigation:  preliminary  results.  Science  194  99  105*  m ^ D‘ (1^76>  The  viking  biological 

labelled  release  bio.o^xperiment:  S3. 22!  ScUnl^^ M ^ TS 

G.  L.,  and  Hubbard  G.  S (1977)  Vikinv  r>n  Marc  ti.  . ’ W Horowitz  N.  H.,  Hobby 

82, 4659-4662.  [5]  Oyama  V.  I^nd  Be^dahl  B J (1^)^ w™  ^ fXperiment-  J‘  Geophys-  Res-> 

Chryse  and  Utopia  surface  samples.  J.  cToptys  ' L^2  ^9w£  S n f from 

Simulation  of  Viking  biology  eroeriments^.m^ct  « ^ r69'4676-  f6 *l  Ban,n  A-  and  Margulies  L.  (1983) 
Nature,  305,  523-525.  [7]  Burt  D M (1989)  Iron  rirh11?0  * ^ n0ti  pa^a®on,tes  as  “artian  soil  analogues, 
hydrogen  and  mdicatim  ,°"  “*?;  ^ “>U'“S  or  s“ks  f™ 

Blackburn  T.  R„  Holland  H.  D , and  Ceasar  G P fl979^-  T C°nf"  423‘432'  f8J 

irradiated  manganese  dioxide  substrate.  /.  GeophysRes.,  ^ reaCt,°n:  Simulat,on  on  UV‘ 
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Frankand  for' Crustal  Stu  ies^  University  of  Caiifornia, 

Santa  Barbara,  California  93106,  U.b.A. 

and 

sr.“.3:,ss:  ms?  "S;5f;^a^and 

SS Hientric "cyV?^ rrv? 

£rt1,lW)"r.  K£  ft  e^iJ^Ss^^e^i^i’dSs^^ra^;. 

M S ferrou^i  ron^relative^to 

‘£a[  9Yof  ft  gYt^l300^wi  t^M meitse^ng"s?ightly°moreFF' 

v?sc»ity  nSblre  smaller  by  about  a factor  of  three  compared  to 
experimental  values;  the  Shaw  model  predicts  ‘^«Pen“ntotalheVralcU0en«f„tMc 
activation  energy  within  experimental  error,  ™*Je  [•.  *"  0?„"  ,-lt  and 
cylinder  experiments,  the  rheometnc  properties  °f. !ol,.J  Yimrortant  to 
melt  plus  vapor  magmatic  mixtures  have  been  studi.  much 

note  that  multiphase  suspensions  (s  + m)  and  emulsions^  ) number  of 
more  difficult  to  characterize  compared  to  melts  because  o 

experimental  difficulties  including  di f.ferefn In i t i o V d th? relative 
1 retail of^ubbte1  muTllo^^l %%[  ^ulsfonf/^U hough 

mi  t in  ate  them  Hiqh-quality  rheometnc  data  support  the  follow  g 
conclusions.  At  relatively  !ow  shear  rate,  ~™e CosityPthat  depends 

rsSilTfJSiM 

crystals.  Unless  particles  are  highly  mequant  (e.g.,  long  acicuiar 


i s 
< 

is 
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approximation*'  "ihe'Tel'a  tive  % ^ rent ' v?sc  osity^def  i • 6 

nr  - n/n,  where  n is  the  viscosity  of  the  suspension  aS  accortl'"9  to 

n™T  -f-  a"dte?t5o%  varies 

TOnodisperee^ystems^i^e,;  spfc°)  % 

body-centered  ^bi^pacMnq^^rand  ’4- 0,74  c?rrespondi  ng  to 
smooth  spheres  and  0.44  forVouah  soher^  lc  Pdcki  n9  gives  <f>m  = 0.52  for 

o'^<x  7irrit 

always  greater  compared  t^moSi speS^al' uesX1,"it  ifs"19 

ssrMr.ij  hV^i^  ’i^r^'sr*  ? *“•  *■ 

stear°?aetHangeS4f"  ?Ke1xTr?me^e'dLSLTVhat’fi"  the 

4 ■*  Ks“:-..l°rn%>J?^*T“PI5jaP"t»FJSB*M*  Juratory  suggest  reC°VerS 

yield  strength  in  the  range  0^1  < 6 < n in  hW1th  k“  4uand  00  detectable 
of  vapor  in\he  two  pha^dite  ™u,siSn!  "heri?  4 15  tbe  y0lu,"e  fracti<>'’ 
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experimental  studies  of  MARS  (SNC)  basalt  petrocenesis  and  c-o-h  gas 

SOLUBILITIES.  Malcolm  J.  Rutherford.  Marie  C.  Johnson  and  Robert  A.  Fogel.  Dept,  of  Geolog 
Sciences,  Brown  University,  Providence,  Rl,  02912 

INTRODUCTION.  The  experimental  work  described  In  this  abstract  Is  primarily  Irom  two  Ph  D.  theses 
submitted  by  the  second  and  third  authors  in  1989  and  1990. 

oMr  rasalt  CRYSTALLIZATION  CONDITIONS.  The  intensive  parameters  of  SNC  petrogenesls  are 

wfmmmwm 

<swr  MFLT  INCLUSIONS  Chasslgny  melt  inclusions  were  trapped  by  olivine  crystals.  Most  Shergotty 
tides,  phosphates,  and  glass. 

As  indicated  by  previous  studies  (1.  2).  the  amphiboles  in i these 

signy  melt  Inclusion.  This  blotite  Is  extremely  titaniferous  and  has  a Mg  identica 

Both  orthopyroxene  and  cllnopyroxene  occur  In  the  Chasslgny 'melt .^elusions  (Fig.  1 ) 2|hese 
pyroxenes  have  homogeneous  Fe/Mg  ratios  but  h ghly  variable  MA,  and  TO, the 

saifssfsss 

Averages  of  all  Chasslgny  orthopyroxenes  and  clinopyroxenes  are  reported  in  Table  1,  and  a rep 
sentative  Shergotty  pyroxene  is  also  listed. 

Mnct  nf  the  oxides  in  Chassigny  both  within  melt  inclusions  and  in  the  bulk  meteorite  are 

Hercynite  often  appears  as  rims  on  magnetite  cores  in  the  inclusions  (1). 

The  crystalline  phases  In  Chassigny  and  Shergotty  melt 

tasls  that  was  shock  melted  and  possibly  mixed  with  other  shock  melted  phases. 

M,„  balance  eauatlons  involving  the  compositions  of  the  Chasslgny  melt  inclusion  phases 
were  comWned  wUh  experimentally  determined  distribution  coefficients  to  calculate  the  orighal 
tr^%d°melt  composition  lor  Chasslgny  (51%  SO..  7.6%  AlzOa.  6.5%  CaO.  and  1 . 1 wt.  % H,0)  The 
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Fe/Mg  ratio  of  this  liquid  was  adjusted  to  be  In  equilibrium  with  Fo™  olivine  The  mainr  Bi0m«ni 
chemistry  of  this  liquid  Is  a very  FeO-rlch  basal,;  the  closes,  lerresSl",  analogue"^  , btnX 

a«nd!t!riNT|lL  rifSU|LTS'  ™e  natural  me,t  delusion  minerals  constrain  the  Intensive  parameters 
nhSo  inuii^  !h  Chasslg"y  and  Shergotty  crystallization.  These  constraints  were  used  to  guide  the 

Chassinnu  m«r»Ur  ®xperimenls-  For  example,  two  pyroxene  geothermometry  (3)  applied  to  the 
Chassigny  melt  inclusion  pyroxenes  with  the  lowest  Al203  contents  yields  temperatures  of  1000°C 

temperatures  were  960®  Xo  930?c' ^ °Xygen  geobarome,ry  (4>  Indicate  that  crystallization 
annElJ  i ,960  l?  930  C’  and  the  oxy9en  fugacity  was  0.5  log  units  below  QFM  Textural 

and  impact  excavation  studies  both  indicate  that  the  SNC’s  are  the  products  of  low-pressure  crystal 

2°  m rSwere™^^^  designed  to  stabil'^  kaersutlte  in  equilibrium  with 

960°rcons  ^Pri!.H  tL  2 a - P"e$SUreS  and  buffered  al  QFM‘  The  amphibole  liquldus  Is 

cn/stalllze  ' the  , TP?  r?  ,ndicated  by  the  "atural  minerals.  Once  kaersutite  begins  to 

ry  all  ze,  the  melt  SI02  contents  evolve  substantially  consistent  with  the  hlah-SiO  alas^pc  fnnnH  in 

wt^Tlf^fr  HT,hetheX,Sten?e  °f  hydr°US  igneous  kaersutile  requ?es  that 
Tat  .h^  , ?£f^2  n,  he  coex,stlng  melt  (5).  Water  undersaturated  experiments  at  2 kbar  indicate 
*ba  .lbe  stabmty  «eld  of  amphibole  plus  melt  is  drastically  limited  as  water  fugacity  is  reduced  These 
results  suggest  that  water  fugacity  was  at  least  940  bars  to  stabilize  amphibole  at  the  temneramroc 
indicated.  Mass  balance  indicates  that  the  liquid  trapped  initially  contained  slightly  more  than  1 wt.  % 

C02  AND  CO  SOLUBILITY  IN  SILICIC  MELTS.  The  solubilities  of  C02  and  CO  in  rhyolite  liquid  have 
been  determined  using  quantitative  fourier  transform  infrared  spectroscopy,  initial  experiments  were 
conducted  along  the  950  C,  1050°C  and  1 150°C  isotherms  at  pressures  between  500  to  6600  bars 
under  C02  saturated  conditions.  The  2350  cm'  i band  was  used  for  quantitative  C02  concentration 

rinlhllf  ? iS0,heT  Was  ,nvest,gated  >"  greatest  detail.  Along  this  Isotherm  C02 
ih«2  ! d tb  H®nr,an  sense)  up  to  roughly  2300  bars.  Above  this  pressure  deviations  from 
ideality  are  prominent,  with  concentrations  less  than  predicted  by  extrapolation  of  the  linear  form  of 
nenry’s  Lav,  interestingly,  the  effect  of  increasing  temperature  Is  £ decrease  the  soTuSlty  of 
molecular  C02,  similar  to  the  behavior  of  albite  melts  (Stolper  et  al.,  1987).  The  maximum  water 

~°:zTj:re  0 30  wt  % and  ,he  presence  * smai1  ™,s  * ha$  ~ 

.n.mr[  Th®  s°lub"ily  of  C02  in  rhyolite  can  be  modeled  with  a modified  Henry’s  Law  equation  that 
covers  the  entire  P-T  range  Invested.  This  expression  requires  the  selection  o,  a reference  T and 
P which  was  chosen  as  ,323°K  and  0 bars,  respectively.  The  dala  were  regressed  to  determine  Ihe 

Partlal  molar  volume  \v)  and  heal  of  solution  (Ah)  of  dissolved  C02  yielding  values  of  33.62  4-  0 98 
cnv/mole  and  -20.18  ± 3.99  kJ/mole,  respectively. 

detectlon^CO  diffusion  ^LT191"31  ,ShapeS  th,roughout  the  experiments.  This,  as  well  as  the 
«m  fpri  cnifiw  hw f P f n varlous  samP|es-  indicates  that  the  approach  to  equilibrium  was 

CO  f fluid > mJ  °rr:f  d ffUSIOn  Th®  melt  vlscosilies  were  apparently  high  enough  to  hinder 
C02 (fluid) -melt  equilibration  by  silicate  mixing.  The  diffusion  coefficient  of  C02  in  rhyolite  at  1050 °C 

“T  I"  10  bS  24  (±  °'5)  X 10' 8 cm2/sec-  c,ose  agreement  with  the  work 

atson  et  al.  (1982)  on  C02  diffusion  In  silicate  melts  of  somewhat  different  composition. 

..  infrared  bands  attributable  to  dissolved  carbonate  complexes  were  not  detected  under  anv  of 
the  experimental  conditions.  This  Is  consistent  with  the  general  decrease  fn  the  caSonate  to 
C02 (molecular)  ratio  In  the  sequence  basalt,  andesite,  rhyodacite.  rhyolite  Investigated  in  this 
laboratory.  Basalt,  the  most  primitive  composition,  dissolves  C02  solely  In  the  form  of  carbonate 
complexes  whereas  the  highly  evolved  member  of  this  sequence,  rhyolite,  dissolves  C02  ex- 
*jslve|y  In  the  molecular  form.  A comparison  of  these  new  data  for  C02  solubility  In  rhyolite  with  data 
or  C02  solubility  in  basalt  (Stolper  and  Holloway,  1988)  shows  that  both  on  a mole  fraction  and 
velght  percent  basis,  slightly  more  C02  dissolves  in  rhyolite  than  in  basalt.  The  contention  of  many 
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SNC  PETROGENESIS 
M.  C.  Johnson,  et  al, 


workers  that  C02  Is  more  soluble  In  malic  magmas  man  I.  Is  In  more  evolved  compositions  Is  clearly 

incorrect.  Mq7ny 

REFERENCES.  (1)  Treiman,  A.  H.  ( 1 985)  Me(eonfics.  fgeef^m^3 Mine/ 477  - 493  (4)  Ander- 

Geochem.  Cosmochem.  Acta,  f _1 2 1 3- 1 229_(3 ) Lin_^  s ey , ^ (5)  Merzbacher,  C.  and  Eggler,  D.  H.  (1984) 

GeiJ  12an58L7n- slo. '(6)HSt(olper,  E et  al..  (1987)  Am.  Mineral.,  72:  1071-1085. 


Table  1.  SNC  melt  inclusion  compositions. 


kaer 

blot 

opx 

cpx 

plag 

glass 


39.49 

35.71 

52.70 

49.70 
66.38 
71.04 


kaer  35.15 
pyx  47.87 
glass  76.66 


14.22 

13.12 

2.86 

4.93 

21.07 

16.75 

15.65 

0.63 

12.80 


10.47 

12.12 

16.40 

7.64 

0.52 

0.67 

19.79 

38.74 

0.95 


Chassigny 

11.53 
14.09 
25.36 
14.32  ; 

0.04 
0.06 

Shergotty 

5.73 

5.86 

0.02 


11.80 

0.01 

1.61 

20.43 

1.19 

1.22 

11.32 

5.93 

1.37 


2.99 

0.17 

0.06 

0.58 

10.61 

5.72 


98.00 
92.55 

100.13 

99.74 

100.00 
100.00 
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MAGMATIC  SULFIDES  ON  MARS 
Roger  G.  Burns 

Department  of  Earth,  Atmospheric  and  Planetary  Sciences 
Massachusetts  Institute  of  Technology,  Cambridge  MA  02139. 

exceed  0*2  wt  J&i. ' ji^S 
weathering  of  basaltic  parent  rocks,  whence  did  such  high  concentrations  of  sulfu^in^"!!^1 

!SFrr“ 

2S£» 

considerable  portion  of  this  sulfuVS  theTo* 

:cxn:lxr  Mad  ‘V  i 

balance  ral^adoi^byThTaumot  sh^^ha^roi^hTy^^'^V^^uld^rem^n^n  S|hePmart  ^ 
S^fur0^  s^^e^of  Mars ^y^^gmT^acd^ry.0111316  SU,fUr  remainin*  in  the 

EHHkH?"  5? 

sulfide-saturated  silicate  melts,  S solubilities  decrease  with  increasing  fo 
The  effect  ^hCSC  trends  S in  hydrous  melts  are  apparent  in  Table  1 and  Figure  1. 

ffiaassiSESBP^ss 

,hrlfur  ?i™ 

(c„&7K“  % Feo 

(corresponding  to  compositions  of  most  SNC  meteorites  and  to  mafic  rocks  deduced  from  XRF 

ments  of  the  martian  regolith)  are  saturated  with  0.2  wt.  % S at  1200°C  However  the 

trends  suggested  by  Figure  I indicate  tha,  above  1400«C.  an  excL  ofT^  % S could  t 
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dissolved  in  sulfide- saturated,  low  A1203,  iron-rich  basaltic  melts  equilibrated  at  fo’s  controlled 

^ ^e^FeAFe'^Mg)  ratio  of  the  martian  mantle  was  deduced  to  be  significantly  higher  than  that  of 
the  Earth’s  mantle  [6,20],  suggesting  that  partial  melting  may  have  produced  iron-nch  basaltic 
maimas  with  very  low  viscosities  that  would  possess  high  sulfur  solubilities.  Recent  experimental 
measurements  suggest  that  anhydrous  martian  mantle  primary  melts  formed  at  a minimum  me  g 
temperature  of  1400°C  at  23  kb  contain  23.3  wt.  % FeO  [2 1 ].  Melts  formed  at  comparable  P a 
T buf  containing  only  12  wt.  % FeO  dissolved  0.23  wt.  % S [ 15].  Tht  sulfur  solubilities  in 
more  iron-rich  martian  melts  at  high  pressures  could  be  much  h^ 

% S in  hydrous  melts,  but  would  probably  be  unsaturated  relative  to  the  4.5 
Mf|]pr  to  remain  in  ttic  mfirtisn  mantle  after  core  formation.  - . , 

Emplacement  of  Magmatic  Sulfides.  Terrestrial  komatiites  provide  clues  to  the  emplacement 
mechanism  of  sulfur- rich  basaltic  magma  derived  by  partial  melting  of  the  martian  mantle.  On 
Earth  during  the  Archean  era  when  radiogenic  heat  production  was  significantly  higher  than  it  is 
now  ultramafic  magmas  formed  by  rapid  adiabatic  emplacement  from  depths  exceeding  20 
were  extruded  at  high  temperatures  (1350-1 700°C).  Sulfur  saturation  of  the  .ultramafic ; magmas 
occurred  as  they  cooled  near  the  surface,  leading  to  the  separation  of  immiscible  FeS  hqmds 
gravitational  settling  and  riffling  out  of  the  sulfides  as  the  lavas  advanced  over  surface  depressions, 
and  the  formation  of  pyrrhotite-pentlandite  deposits.  Very  low  viscosity  komatntic  lavas  may  have 
flowed  turbulently  at  high  extrusion  temperatures  accompanied  by  vigorous  convection 
rapid  cooling  rates  [22].  These  lavas  could  also  have  melted  and  assimilated  large  portions  of 
^der^mmted^X-riih  sediments,  forming  the  deep  erosion  channels  into  which  immiscible 

proposed  for  Mars  (2,81.  Close  analogies  belween  certain  SNC 
meteorites  and  komatiites  suggest  that  volcanism  on  Mars  generated  ultramafic  lava  flows  and 
shallow  intrusions,  and  that  i in  situ  magmatic  crystallization  produced  pyroxene-olivine  cumu  a 
“te^r^med  by  nakhlites  and  chassigni.es  [81,  Flows  of  the  nakhl.te  parent  magma  were 
envisage!  to  have  ernpted  from  shield  volcanos  and  flood  basalt  provinces  audio 
much  terrains  left  bv  previous  flows  producing  magma  lakes  in  which  crystal  cum 
formed.  Under  these^onditions,  fractional  crystallization  of  sulfides  would  also 
localized  concentrations  of  pyrrhotite-pendlandite  assemblages  by  riffling  out  from  successive 
flows  although  the  lower  gravitational  field  on  Mars  would  have  inhibited  massive  ore  formation. 
Emotion  of  these  ultramafic  lavas  as  hot,  highly  fluid,  turbulent  melts  could  also  account  for  the 

enormous° lateraf  extent  of  martian  flows  [23],  which  might  have  e^e^eX^sfn^Zmmi 
assimilating  early  sulfate-enriched  duricrust  and  re-precipitating  fresh  sulfide  deposits  in  structure 

Evolution'  of  Sulfides  on  Mars.  Magmatic  sulfide  deposits  did  not  evol ve  on  Mars  lo  the 
same  extent  as  they  have  on  Earth  due  to  insignificant  plate  tectonic  activity  there  [25]. 
Interactions  of  martiL  mantle  with  crust,  hydrosphere,  and  atmosphere  have  been  mimmal  s0  that 
o,e  “rs  such  as  porphyry  copper  and  molybdenum  Sranite-hosted  mmerifi zat.on,  and 
sediment-hosted  galena-sphalerite  assemblages  did  not  form  on  Mai rs.  Cumulate  gneo 
chromites  may  occur  on  Mars,  however,  as  indicated  by  textures  observed  in  SNC  meteorites. 
Reference.  1 1 1 Wrie  » rental  *r«<l^ 

(^^0 988^1^6 /cIl.McG«tctarl~^’JRSrnyt}l^caJ^J4, 34,  512^979);'  (71 
AJtbM*  B.C.  Clark,  fcarar,  45, 113  (1981);  [81  A.H.Treiman,  GCA,  50,  \ 1061 0««h  19 > J J^fj  £ 
V.Pan,  Proc.  19thLPSQ45l  (1989);  [ 1 01  G.  Schubert  ef  al \ 4th  Intern  Conf_  ^ 974)  3 j 

[19]  R Burgess  et  al.,  EPSL,  93,  314(1989);  [20]  J.W.Morgan  & E.Anders,  GCA, 43,  16°]  1 1979),  121 1 
C.MBeXl  J.R.Holioway,  Aoc.  19th  LPSQ  723  (1988);  [22]  H.E.Huppert 

[23]  A.K.Baird  & B.C.Clark,  Nature,  311,  18  (1984);  [24]  R.G.Bums  & D.S.Fis  13  (197g).  [26] 

89-04,  20  (1989),  JGR,  in  press;  [25]  RJ.Floran  et  aL,  Geochim.  Cosmochun.  Acta,  , 
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Chemical  analyses  of  sulfur-bearing  basalt! 
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Figure  1.  Sulfur  solubility  versus  FeO  contents  of  basaltic  melts.  0&  O:  1200°C  & 1350°C 
[121;  X:  1200°C  [13J;  +:  1450°C  [141;  A.  A &A:  1420°C  at  12.5  20  & 30  kb  [151;  SH  = 
Shergotty;  EA  and  EB  = EETA  79001 , lithologies  A and  B [21. 
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CLASTS  IN  LUNAR  IMPACT  MELTS  AND  THE  ORIGIN  OF  LOW- K FRA  MAURO 
BASALT  Spudis  P.D.1  , Taylor  G.J.2  , McCormick  K.A.  , Ryder  G.  , Keil  K.  , and  Grieve 
RAF4  1 U.S.  Geological  Survey,  Flagstaff,  AZ  86001  2.  Inst.  Meteoritics,  Univ_ New 
Mexico,  Albuquerque,  NM  87131  3.  Lunar  and  Planetary  Inst.,  Houston,  TX  77058  4. 
Geophysics  Division,  GSC,  Ottawa  K1A  OY3 

Although  "low-K  Fra  Mauro  basalt"  (LKFM;  [1])  has  been  recognized  as  an  impact-produced  mixture  (e.g., 
121)  several  aspects  of  its  occurrence  remain  poorly  understood.  The  term  LKFM  originally  used  to  descri  e 
soil’ agglutinates  [1],  is  now  applied  to  a variety  of  impact-melt  breccias  of  basaltic  composition  that  were 
assemWed  around  3.8  to  3.9  Ga  [2,  3].  More  than  90  % of  melt  breccias  in  the  Apollo  sample  collections  have 
LKFM  composition,  but  regionally  it  is  rare  on  the  lunar  surface  [4],  LKFM  melt  rocks  contain  clasts  o 
crystalline  rock  and  mineral  fragments  (no  regolith  products)  and  cannot  be  made  by  mixing  “mbinamn 
of  known  pristine  rocks  [5];  the  one  or  more  missing  components  are  rich  intrans.t.on  meta  -g  Tl^c)ad 
KREEP  and  have  a high  Mg*.  Through  an  analog  study  of  melt  rocks  from  the  terrestnai  Mistast  n L*ke. C 3 \ 
[61  we  have  shown  that  clasts  in  impact  melts  contain  information  on  the  path  followed  by  the  melt  as  it 

Ihe  pte-etdsting  target  rocksduring  catering  flow.  We  here  dtscibe  results  from  an  ongoing  study 
[7]  that  uses  the  same  methodology  for  lunar  impact  melts. 

Bersch  [8]  has  assembled  high-precision  electron  microprobe  analyses  for  the  minor-element 
concentrations  in  the  mineral  phases  of  virtually  all  known  lunar  pristine  rocks.  We  analyzed 1 (by  ^'cr°prob e) 
olivine  and  pyroxene  clasts  in  lunar  impact  melts  15445  and  15455  for  minor  elements,  using  Bersch  s databa  e 
to  establish  the  affinities  of  these  clasts  to  the  known  pristine  rock  types.  We  also  examinedthesesamed 
in  an  attempt  to  understand  the  chemical  nature  of  unknown  rock  types  that  contribute  to  the  LKFM 
composition  PWe  chose  samples  15445  and  15455  for  initial  study  because  they  are  aphamtes,  and  their  entrained 
clasts  can  be  easily  and  unambiguously  distinguished  from  the  matrix  [9];  moreover,  they  have  been  interpreted 
as  fragments  of  the  melt  sheet  of  the  Imbrium  basin  [9],  We  plan  to  extend  our  study  of  dast ‘ 
other  melt  groups  from  other  landing  sites,  including  the  Apollo  17  aphamtes  and  the  Apollo  16  VHA  me  ts 
(which  could  represent  Nectaris  basin  impact  melt;  [3]). 

The  dominant  mafic  mineral  occurring  as  clasts  in  both  15445  and  15455  is  olivine  (the  olivine/pyroxene 
ratio  in  both  rocks  ~ 5:1).  Results  of  analyses  of  Cr  and  Fe  in  olivine  clasts  in  the  two  samples  are > shown , in 
Figure  1.  A wide  variety  of  compositions  is  present;  moreover,  the  composition  of  clastic  oh  vines  falls  only  part  y 
within  the  fields  defined  by  the  analyses  of  known  pristine  rocks  [8].  Because  even  these  fields  encompass  roc  s 
derived  from  more  than  one  magma  source,  the  olivine  clasts  in  15445  and  15455  probably  are  derived  from  ro 
of  many  different  intrusions.  The  fields  defined  by  the  known  pristine  rocks  are  probably  incomplete;  many  ot 

the  points  lie  just  outside  the  boundary  of  the  known  fields.  Some  o^vmes  aPPearto  i 

an  expected  characteristic  of  the  "missing"  matrix  component  ofLKFM.  (which  has  a highconcentrat.ono 

transition  metals).  However,  these  clasts  probably  are  nor  derived  from  a missing  rock  ^PcVbecau^  ^Y fnr  a 

no  accompanying  high  Ti  (as  expected  for  a transition  metal-rich  rock  type)  nor  high  P (as  expected  lor  a 
KREEP-rich  rock).  We  interpret  these  clasts  as  derived  from  Mg-suite  rocks  produced  by  magmas  enric  e in 
Cr  that  have  not  been  sampled  as  pristine  plutonic  rocks.  The  bulk  of  the  olivine  clasts  appcar  to  be  dvj 
from  Mg-suite  troctolites,  with  lesser  amounts  from  Mg-suite  norites.  Only  three  clasts  occur  dose  enough  to 
the  ferroan  field  (Fig.  1)  to  indicate  their  derivation  from  ferroan  anorthosites;  these  clasts  (and  others  that  p 
directly  above  them;  Fig.  1)  may  be  pieces  of  unsampled,  mafic  members  of  the  ferroan  suite,  such  as  ferroan 
troctolite  or  gabbro.  Finally,  the  proportions  of  clasts  representing  identified  rock  types  differ  in  the  two  samp  es, 
if  we  generously  extend  the  fields  of  the  known  rock  types  to  include  the  "orphan"  points  sample  ^445  cons,sts 
of  79.6  % troctolite  and  12.9  % olivine-bearing  norite,  whereas  sample  15455  consists  of  62.6  % troctolite  and 
31.6  % olivine-bearing  norite. 

As  previously  observed  in  the  impact  melt  rocks  of  Mistastin  Lake  crater  [6],  the  clasts  contained  in 
15445  and  15455  are  derived  from  a variety  of  rock  types  whose  proportions  differ  within  samples  from  the 
same  melt  sheet.  The  clasts  appear  to  be  derived  largely  from  a variety  of  Mg-suite  plutonic  rocks,  only  a few 
of  which  are  represented  by  samples  in  the  Apollo  collections.  The  Mg-suite  probably  comprises  a wide  variety 
of  rocks  produced  over  a long  period  of  time  from  many  magmas  that  ranged  widely  in  composition.  The  lithic 
clasts  of  15445  and  15455  are  Mg-suite  troctolites  and  norites,  the  same  rock  types  from  which  their  mineral 
clasts  are  derived.  These  observations  support  our  model  for  melt  formation,  whereby  the  clast  population  o 
impact  melts  reflects  the  path  that  the  melt  followed  during  cratering  flow  and  its  final  emplacement  [6J, 
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CLASTS  IN  LUNAR  IMPACT  MELT  ROCKS:  Spudis  P.D.  et  al. 

rather  than  containing  a representative  population  of  rock  types  that  have  participated  in  the  melt  petrogenesis 
(e.g.,  [10]).  LKFM  may  represent  impact  melt  produced  during  the  formation  of  multi-ring  basins  [3  9 111  In 
these  large  events,  the  scale  of  crater  formation  is  greater  than  the  curvature  of  the  Moon;  impact  melt  generated 
at  depth  that  moves  laterally  outward  during  crater  growth  encounters  progressively  higher  stratigraphic  levels. 
Thus,  clasts  are  entrained  in  the  LKFM  basin  melts  during  the  later  stages  of  crater  growth,  and  they  are  derived 
from  crustal  levels  above  the  mafic,  KREEP-rich  zone  of  melt  generation.  In  our  model,  the  "missing" 
components  of  LKFM  are  plutonic  rocks  that  occur  in  lower  parts  of  the  crust,  perhaps  as  deep  as  its  base  We 
can  only  infer  their  properties  from  geochemical  modeling;  they  are  unlikely  to  be  observed  as  clastic  components 
within  the  melt  breccias. 


References.  [1]  Reid  A.R.  et  al.  (1972)  Meteoritics  7,  395.  [2]  Reid  A.R.  et  al.  (1977)  PLSC  8 2321.  131  Soudis 
P.D.  (1984)  PLPSC  15,  JGR  89,  C95.  [4]  Davis  PA.  and  Spudis  P.D.  (1987)  PLPSC  17,  JGR  92,  E387  [5]  Ryder 
G.  (1979)  PLPSC  10,  561.  [6]  McCormick  KA.  et  al.  (1989)  PLPSC  19,  691.  [7]  Ryder  G.  (1984)  LPSXV  707 
[8]  Bersch  M.G.  (1990)  Ph.D.  Thesis,  Univ.  New  Mexico,  Albuquerque,  188  pp.  [9]  Ryder  G.  and  Bower  J.F 
(1977)  PLSC  8,  1895.  [10]  Phinney  W.C.  and  Simonds  C.H.  (1977)  Impact  and  Explosion  Cratering  Pergamon 
Press,  771.  [11]  Spudis  P.D.  and  Davis  PA.  (1986)  PLPSC  17,  JGR  91,  E84.  6 


Figure  1.  Cr  and  Fe  concentration  data  for  clastic  olivines  in  impact-melt  breccias  15445  and  15455.  Fields  for 
pristine  lunar  rocks  are  taken  from  the  data  of  Bersch  [8];  T - Mg-troctolites,  "N"  - Mg-norites,  "F  - ferroan 
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Measurement  of  the  Electrical  Conductivity  of  an 
Fe-rich  Perovskite-Magnesiowiistite  Assemblage 


Xiaoyuan  Li  and  Raymond  Jeanloz  (Both  at:  Department  of  Geology 
and  Geophysics,  University  of  CaUfomia,  Berkeley,  CA  94720) 

(Mg,Fe)Si03  perovskite  and  (Mg,Fe)0  magnesiowustite  are  believed  to  be  the  major 

constituents  of  the  mantles  of  Venus  and  Earth;  they  may  also  make  up  the  mineralogical 
assemblage  at  the  base  of  the  mantle  in  Mars.  Thus,  a knowledge  of  the  electrical  conductivity 
of  these  minerals  is  required  for  modelling  the  electromagnetism  of  terrestrial  planetary 
interiors,  as  well  as  for  understanding  the  mineral  physics  and  chemistry  of  rocky  mantles  In 

this  study,  we  have  measured  the  electrical  conductivity  of  » Perovf 1 ltC'“ ^n'^ctS 
assemblage,  synthesized  from  a natural  olivine  of  composition  (Mgg  80Fe0  20)2MU4  extractea 
from  the  Eagle  Station  meteorite.  Our  data,  obtained  with  the  laser-heated  diamond  cell,  yield 
an  electrical  conductivity  of  1.1  (±0.3)  x 102  S/m  at  77  GPa  and  2410  K.  We  find  that  the 
electrical  conductivity  increases  by  4 orders  of  magnitude  as  pressure  and  “J*  ” 
increased  over  the  range  of  our  experimental  conditions,  pressures  of  45-80  GPa  and 
temperatures  of  298  to  3600  K.  From  these  measurements,  we  derive  an  activation  energy  ot 

0.2  (±0.1)  eV  for  electrical  conduction  at  elevated  pressures. 

The  perovskite-magnesiowustite  assemblages,  analyzed  by  electron  microprobe  an 
scanning  electronic  microscope  (SEM)  after  the  experiments,  are  uniform  in  composition  at  the 
limit  of  analytical  resolution.  Thus,  there  is  no  indication  of  Soret  diffusion  or  of  reaction 
between  the  unmelted  sample  and  leads  (e.g.,  loss  of  Fe  to  Pt)  in  our  experiments ; on  urnne  ted 
samples.  Some  experiments,  in  which  molten  perovskite  was  m contact  with  Pt  show  that 
limited  reaction  can  occur  between  the  melted  sample  and  leads,  and  this  is  visually  observed 
during  the  conductivity  measurements.  These  results  support  the  reliability  of  electrical 
conductivity  measurements  inside  the  laser-heated  diamond  anvil  cell. 

Comparing  the  present  results  with  those  derived  from  Fe-poor  samples  (Li  and  Jeanloz, 
1987  1990)  we  find  that  the  electrical  conductivity  of  the  perovskite-magnesiowustite 

assemblage  s’trongly  depends  on  its  iron  content:  i.e.,  when  Fe/(Mg+Fe)  ratio  ^ases  from 
10%  to  20%,  the  electrical  conductivity  increases  by  5 orders  of  magnitude.  The  electnca 
conductivity  values  of  the  20%-Fe  assemblage  are  compatible  with  geomagnetically  inferred 
values  of  the  Earth's  deep-mantle  conductivity  (see  the  attached  figure).  Assuming  that  the 
geomagnetic  modelling  represents  the  true  distribution  of  conductivity  m the  mantle,  our  results 
are  consistent  with  the  lower  mantle  being  enriched  in  Fe  relative  to  the  Earth  s upper  man  e, 
and  hence  being  of  lunar-mantle  composition  (Jeanloz  and  Knittle,  1989). 

Jeanloz  R.,  and  E.  Knittle,  Density  and  composition  of  the  lower  mantle,  Phil.  Trans.  R. 

Soc.  Land.  A 328,  377-389,  1989.  . .. 

Li,  X.,  and  R.  Jeanloz,  Electrical  conductivity  of  (Mg,Fe)Si03  perovskite  and  perovskite- 

dominated  assemblage  at  lower  mantle  conditions,  Geophys.  Res.  Lett. 

Li  X and  R.  Jeanloz,  Laboratory  studies  of  the  electrical  conductivity  of  silica 
perovskites  at  high  pressures  and  high  temperatures,  J.  Geophys.  Res., 
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Ultrahigh-Pressure  Melting  of  Lead: 

A Multidisciplinary  Study 

B.K.G<*wai;,  Charles 

o-».  “ 400  °85’ India) 

a ihprto  Garcia  Amv  Y Liu  AND  Marvin  L.  Cohen  (All  at:  Department  of  Physics, 
University  of  California,  Berkeley,  CA  94720,  and  Materials  Sconces 

Division,  Lawrence  Berkeley  Laboratory,  Berkeley,  CA  94720) 

Measurements  of  the  melting  laser-heated 

Megabar  (10**  Pascal)  and  temperatures  sVmevious  shock-wave 

diamond  cell,  are  in  excel lent  ^“”“eans  of  first.principles  quantum  mechanical 
3SSS  aLhtheat:greemen, documents  the  reiiahiiity  of  =*  experimental  and 
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PetSfoifonLDi?  ^ l THE  TERRESTRIAL  PLANETS 

Thf  t J1  o’  ,D?Partment  of  Earth  & Planetary  Sciences 
The  Johns  Hopkins  University,  Baltimore,  Ml/  21218  USA 

in  planetary  mantles^6 On" Earthrt mantle*3  dT131"  f°r  heat  and  mass  transport 
source  of  the  global  system  of  voTc^^  considered  to  be  the 

even  more  important  in  the  tectonic*  f \t°  Sp°tS-  Mantle  plumes  may  be 
plumes -localized  up^lliLs  ofoarJi^fn  Uf;  Transsolidus  thermal 
underlie  volcanic  highlands  on  Venn*  r7  molJ:en  mantle  silicates —may 
plumes  can  transport^  to  50%  of  the  hear  £alculatlons  indicate  these 
(Olson  et  al.,  1990).  h heat  from  the  Venusian  interior 

heat  tr“sfer  »ithin  tha 

While  there  are  linear  tocoLanhi d°m^nated  hy  Plate  tectonic  processes, 
may  be  broadly  analogous  to^id  ocean^i^63  surface  of  Venus  that 

1987),  we  havf  no  evidence  that' ^e*e  ll&&l  °n  (Head  and  Grumpier, 

(GrK^lo^n!1^3  °f  3 Sl°bal 

is  lost  from  the  Venusian” mantle’  si^6  1S  3 Pf°blera  in  exPlaining  how  heat 
it  has  an  inventory  of  heat  producinl/fl  cosm°che“1?al  abundances  indicate 
effectively  "single-plate”  nlanetrf  elements  flmilar  to  Earth.  In  an 
efficient  heat  loss.  These^re  (1)  cond  ^ °nl?  tW°  mechanisms  for 
Hthosphara,  and  (11)  lo*s”  thl" 

thermal  pluLtT/'/hf vtmsUnmlS  transport  by 

s™  of  the  csen 

thiSk  crus?'  which  arf m?Wa?Zd  H high  heft  flow  and 

influx  of  basaltic  melts  drived df d^amlcally  hy  mantle  upwelling  and  by 
calculated  the  amount??  mantle  plumes‘  Turcotte  (1988)  7 

heat  production  is  equivalfff  ??  1000  Slwli  ?eqU£rad  tQ  balance  tha  internal 
volcanic  activity  exceeds  hv  2 2 Hawaiian  hotspots.  This  level  of 

from  absorption  of  S02  (Fegley  and°Prinn  ^o^of"1^6 ’ the  rate  estimated 
provide  much  of  the  required  heat  t-raJl ’ l989).\  MaSmatlc  activity  can 
u the 

> thicks  siitfs*  “its 

temperature,  upwelline  mantlf  rrtue  of  the  high  surface 

Of  100  km.  Tha  upvalllng  l^vUaM^pr^ules °f  the  °rder 
depth  is  the  ^ulisaiijiuslone  wheretbl 2 a fhree-1fl.yer  Structure.  At 
and  flow  occurs  by  * subsol idus  creep  onlv^ temParature  is  beiow  the  solidus 
with  temperatures  above  the  soliduf  and^i  ,.^boVe.  ls  the  melting  Zflna, 

In  this  zone,  the  melt  migrates  verti?fiT^  tb,  ' equilrbrium  partial  melting, 
percolative  flow.  The  surfara  l tlcaiiy  through  the  solid  matrix  by 

freezing  zrnxs..  Here  temperature?y??e  beloS'th? " li1tb°sphere ’ is  the 
melt  derived  from  below  freezes  during  asffn?h  til °n  ave^age,  and  the 
crust  considerably  increases  the  surffce  heat'fluf  ln  the 

steady  state  configurations  are  possible 
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("1  S')  the'assufflption 

of  intrusive  magmatism. 


Figure  1.  A sketch  of  the  three  layer  structure  MollStoVzoSe"8  with 
transsolidus  mantle  plume.  cnlid  state  flow  as  indicated  by 

temperatures  below  the  solidus  and  ®°^ldan^  * is  the  equilibrium 
the  streamlines.  The  region  e a t^lithoSphere  or  freezing 

SMSsuhs^du Sier™  - withSelt  transport 
and  solidification  in  dikes. 

The  resulting  temperature  and  porosity 

Our  calculations  indicate  t a regions  by  this  mechanism.  An 

Venusian  heat  loss  can  occur  a g h high  heat  flow,  dynamical  uplift 

MS  KMSSt'Sl  pS:lntSinhSe  highland  regions. 
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Tamper ature  (K) 


expressed  as  porosit^Cdashed^i^e)  ^or^he^^  melt  content> 
Figure  1.  Asthenosphere  and  H Plume  structu^  shown  in 

20nes’  "hlle  the  crust  corresponds  to°SSfr«zSg”o™"S  “d  subs°1Idu= 
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Implications  of  Convection  in  the  Moon  and  the  Terrestrial  Planets 

Donald  L.  Turcotte,  Department  of  Geological  Science, 

Cornell  University,  Ithaca,  NY  14850-1504 

During  the  past  year  our  principal  effort  has  been  to  use  parameterized 
convection  calculations  to  determine  the  thermal  and  chemical  evolution  of 
terrestrial  planets.  The  calculations  give  the  secular  variation  of  the  internal 
temperatures,  Rayleigh  number,  viscosity,  crustal  thickness,  lithosphere 
thickness,  and  rate  of  volcanism.  The  rate  of  crustal  creation  on  the  earth  was 
used  as  a calabration.  Crustal  forming  volcanics  extracts  heat  producing 
elements  from  the  mantle  to  the  lithosphere  thus  reducing  the  vigor  of  mantle 
convection.  Plate  tectonics  returns  these  elements  to  the  interior  of  the  earth 
through  the  subduction  process.  Without  plate  tectonics  the  thermal  evolution 
of  a planet  may  be  quite  different.  Our  results  for  the  moon  and  Mars  are 
generally  consistent  with  observations.  For  Venus  our  calculations  indicate  that 
without  crustal  recycling  the  interior  would  be  fully  differentiated  and  there 
would  have  been  essentially  no  volcanism  for  the  last  2 Gyrs.  Also,  our 
calculations  predict  a lithospheric  thickness  of  about  450  km  which  could  explain 
the  high  topography  and  associated  gravity  anomalies  on  Venus.  This  work  has 

been  presented  at  several  meetings  (1,2). 

Our  joint  paper  on  the  tectonic  implications  of  noble  gases  in  planetary 
atmospheres  has  been  published  (3).  A joint  paper  on  the  origin  and  thermal 
evolution  of  Mars  was  presented  as  a review  paper  at  the  Mars  Conference  held 
in  Tucson  in  January  1989;  this  work  has  subsequently  been  written  up  and  is  in 
press  in  the  proceedings  of  the  conference  (4).  Our  paper  on  a heat-pipe 
mechanism  for  heat  transport  to  the  surface  of  Venus  has  also  been  published 

(5). 
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SPECIATION,  REACTION  KINETICS,  AND  DIFFUSION  OF  WATER 
IN  NATURAL  RHYOLITIC  GLASSES 


Edward  Stolper  and  Youxue  Zhang,  Division  of  Geological  and  Planetary  Sciences, 
170-25,  California  Institute  of  Technology,  Pasadena,  CA  91 125 

Water  is  a major  volatile  component  in  natural  rhyolitic  glasses  and  melts.  It 
dissolves  as  two  species,  molecular  water  and  hydroxyl  groups.  The  two  species 
interconvert  to  each  other  and  there  is  an  equilibrium  between  them:  H20+0=20H,  where 
H2O  is  molecular  water,  OH  is  hydroxyl  groups  believed  to  be  associated  with  SiOH  or 
AlOH,  and  O is  a bridging  oxygen  in  a fully  polymerized  rhyolitic  melt  or  glass.  The 
presence  of  water  and  its  speciation  greatly  affects  the  physical  and  chemical  properties 
such  as  viscosity  and  phase  equilibria  of  these  melts  and  glasses.  The  rate  of  water 
diffusion  is  the  limiting  step  to  bubble  growth,  and  degassing  of  water  from  magma  which 
is  related  to  the  early  evolution  of  the  atmosphere  and  ocean.  The  interplay  of  the  rate  of 
water  diffusion  and  the  rate  of  magma  ascending  also  determines  whether  enough  water 
overpressure  can  be  built  in  an  ascending  magma  body  to  power  explosive  volcanic 
eruptions. 

In  the  last  one  and  half  years,  we  have  carried  out  a study  on  the  diffusion  of  water 
in  rhyolitic  glasses,  and  on  the  rate  of  the  interconversion  reaction  between  molecular  water 
and  hydroxyl  groups. 

_ ix  Diffusion  of  water  in  rhyolitic  glasses:  Previous  extensive  studies  on  water 
diffusion  in  synthetic  silicate  glasses  and  in  rhyolitic  melts  have  shown  that  the  chemical 
diffusivity  of  total  water  increases  strongly  with  water  content  in  the  silicates.  There  have 
been  many  speculations  on  the  cause  of  this  strong  concentration  dependence  of  water 
diffusivity.  Our  study  differs  from  previous  ones  in  that  we  measured  concentration 
profiles  of  both  molecular  water  and  hydroxyl  groups  after  the  diffusion  experiments  and 
treated  the  diffusion  profiles  with  a two-species  diffusion  problem.  One  of  the  unique 
features  of  the  two  water  species  is  that  the  two  species  are  not  at  constant  proportions  at 
variable  water  concentrations,  but  rather,  at  low  water  content  OH  is  the  dominant  species, 
and  at  high  water  content  H2O  is  the  dominant  species.  This  feature  allows  us  to  resolve 
the  diffusion  coefficients  of  both  species  by  fitting  our  experimental  diffusion  profiles  with 
a two  species  diffusion  treatment 

We  dehydrated  at  elevated  tem- 
peratures doubly  polished  natural  rhy- 
olitic glass  wafers,  each  of  which  was 
initially  uniform  in  water  concentration 
(0.2  to  1.7%).  After  dehydration  for  10 
to  50  days,  the  glass  wafer  was  quenched 
and  a slice  was  cut  perpendicular  to  the 
diffusing  surfaces  and  concentration  pro- 
files of  both  H2O  molecules  and  OH 
groups  were  measured.  Such  concentra- 
tion profiles  were  compared  to  the  solu- 
tion of  two  species  diffusion  equation 
which  allows  the  determination  of  the  dif- 
fusivities  of  both  species.  Figure  1 
shows  the  measured  diffusion  profiles  of 
H2O,  OH  and  total  water,  and  compares 
them  to  the  solution  of  two  species 
diffusion  model  assuming  Dqh  =0-  From 


Figure  1 : Concentration  profiles  of  H2O,  OH  and  total 
water  produced  in  water  dehydration  experiments. 
Horizontal  axis  is  distance  (jim)  away  from  dehydrating 
interface.  Filled  symbols  represent  measurement  from 
one  edge  and  open  symbols  represent  measurement  from 
the  other  edge.  Lines  are  the  best  fit  lines  to  data 
represented  by  the  filled  symbols  assuming  /)Oh=0 
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the  best  fit,  we  found  that  Do «)  is  §enera^ 

hydroxyl  can  be  treated  as  immobile  d ^ diffused  away,  instead  of  by  OH 

by  the  reaction  to  convert  OH  2 orevious  water  concentration  profiles  in 

diffusion.  This  treatment  a so  successful J P dence  of  D^0  is  small  in  water 

Figure  2 summarizes  our  results  on  th^^^^2^kS/nwienFi^ure  3 compares  the 
activation  energy  for  the  diffusion  °f  ^ec  J j H q and  Df  noble  gas  elements 

activation  energy  of  diffusion  species  A good  relationship  between 

« !==5«  3!SSa?tt&  thatV  indeed  behaves  as  a 


Figure  2:  Diffusion  coefficients  of  molecular  I120  vs. 
1000/T(*K).  Initial  water  contents  of  glass  wafers  are 
given  in  the  legend 


Figure  3:  Activation  energy  for  diffusion  vs.  radius  of 
molecular  species 


2_  The  kinetics  of  the  species  interconversio^^^  pr^nirly  since  in 
equilibrium  between  OH  groups  and  H2O  molecules  w ^vcry  difficult,  if  not 

situ  measurements  of  species  concentration  at  atol  (Jg_85(rC)  have  been  determined 
impossible,  species  concentrahons  at  high  ^mperatore  t cautioned  that  the  results  may 

by  quenching  experimental  char^st°^  Quench  An  understanding  of  the  rate  at  which 
have  been  partly  affected  by  reaction l during que  h is  important  to  the  assessment 

““**  may  alS°  h*  “Sed  “ 

*uP  hictnrv  of  natural  rhyolitic  glasses. 


Glass  wafers  with  known  initial 
water  species  concentrations  were  held  at 
elevated  temperatures  for  a designated 
period  of  time.  After  quench.  The 
species  concentrations  were  measured 
and  hence  their  variation  with  time  ana 
the  rate  to  reach  equilibrium  can  be 

determined.  We  found  that  the  rate  of  the 
reaction  increases  strongly  with  tempera- 
ture and  water  content,  as  shown  in 
Figure  4 and  5.  Figure  4 shows  the  halt 
time  to  reach  equilibrium  at  1.2%  total 


Figure  4-  Half  time  to  reach  equilibrium  (for  water  reaction 
1^040=2011)  vs.  1000/T  CK)  at  1 .2  wt  % total  water 
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water  concentration,  which  is  ~20  days  at 
400  C,  ~0.5  min.  at  600’C.  The  activa- 
tion  energjr  for  the  reaction  is  in  the  order 
of  60  kcal/mol.  Figure  5 shows  the 
dependence  of  reaction  rate  on  water 
content.  The  reaction  was  found  to  be 
complicated  in  that  the  species  concentra- 
tions do  not  approach  the  final  equilib- 
rium concentrations  monotonically.  This 
behavior  is  best  explained  by  the  presence 
of  at  least  two  different  types  of  OH 
subgroups  that  are  generated  and  con- 
sumed at  different  rates  by  reaction  of 
molecular  H2O  with  anhydrous  oxygen 
species. 


. wjumonum  (tor  water 

5oo.  toul  water  Con,ent  <w,%>  * 


MoaiA.  iSSgrc"t- 

600™“™  5™7oTwaKrTift‘pm“  T”* ^Pecialion data  at  loweneVeramres^S 
on  te^Sdon wX^nmd™  ‘n“?*  *"  brackeB  !?P"**n<  -role  factions) 

ssssas^ps^ssggs 

temperature  is  20*C.  Hence  it  can  be  annii^H  mU eni°r  \n  rePr(X^uc*nS  experimental 
water-bearing  rhyolitic  glasses  Counle/^umh  l°  P!T!1Ct  th^closure  temperature  of  natural 
now  able  to  infer  some  details  on  the  thermal  hismVe^rit'c^' ™e* *,£££*  WC  “* 
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CHAPTER  6 


SPECTROSCOPY  AND  REMOTE  SENSING 


VOYAGER  DISK-INTEGRATED  PHOTOMETRY  OF  TRITON 

J.  Hillier,  P.  Helfenstein,  A.  Verbiscer  and  J.  Veverka,  Center  for  Radiophysics  and  Space 

Research,  Cornell  University,  Ithaca,  NY  14853. 

We  have  fit  Hapke’s  photometric  model  with  a thin  atmospheric  haze  layer  to  Voyager 
whole-disk  observations  of  Triton  (Smith  et  al.,  1989),  in  the  violet  (0.41  Mm),  blue  (048 
am)  and  green  (0.56  »m)  filters  in  order  to  obtain  estimates  of  Tnton  s geometric  albedo, 
phase  integral,  Bond  albedo,  and  emissivity.  Phase  angle  coverage  m these  fdters  rang  g 
from  ~ 11°  to  159°  was  obtained  by  combining  narrow-  and  wide-angle  camera  data. 

Our  model  is  based  on  van  Blerkom’s  approximation  to  Chandraselto’s  "planetory 
problem"  (van  Blerkom,  1971;  Chandrasekhar,  1960).  The  haze,  ^sumed  to  be  optically 
thin  is  characterized  by  an  optical  depth  rH  and  a scattering  phase  function  p(cos  6)  where 

* is  the  scattering  angle.  We  let  i and  < be  the  incidence  and  ei™s^ 
and  a = 180°  - e be  the  phase  angle.  Rayleigh  scattering  is  negligible  m Tnton  s tenuous 
atmosphere.  The  expression  for  the  scattered  intensity  I(i,  e,  a)  from  the  combined  haze  + 
ground  system  is  approximated  by  the  sum  of  five  terms: 

Term  1:  Light  singly  scattered  by  the  haze  only; 

Term  2:  Light  scattered  by  the  ground  only;  . 

Terms  3 and  4:  Light  scattered  once  by  haze,  either  on  way  out  (4)  or  in  (3), 
and  by  the  ground; 

Term  5:  Light  scattered  twice  by  haze  (once  on  way  in  and  once  on  way  out) 

and  by  the  ground.  . 

Of  these  five  terms,  the  last  is  generally  the  least  significant  and  begins  to  play  a role  only 
at  the  highest  phase  angles.  In  our  model  the  ground  is  assumed  to  scatter  incident  light 
according  to  Hapke’s  theory  (Hapke,  1981;  1986).  The  upturn  seen  m the  data  at  the  highest 
phase  angles  (Fig  1)  can  be  explained  reasonably  well  by  including  scattering  in  a thin 
atmc«phericS htaeflayer  with  optic*  depth  ranging  from  - 0.06  in  the  violet  to  0*3  for  the 
green  filter  data.  Our  best  fits  for  the  Hapke  and  haze  parameters  are  given  in  Table  1. 


TABLE  1:  Best-fit  Hapke  and  Haze  Parameters  for  Triton 


Filter 

Surface 

Single  H-G 

Scattering  Roughness  Asymmetry 

Albedo  Parameter  (°)  Factor 

<J)0  0 

Haze 

H-G 

Optical  Asymmetry 

Depth  Factor 

th  Sh 

Green 

Blue 

Violet 

0.995  14.7  -0.281 

0.986  13.1  -0.292 

0.980  11.9  -0.293 

0.0325  +0.800 

0.0415  +0.750 

0.0625  +0.735 

PRECEDING  PAGE  BLANK  NOT  FILMED 
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Pttr.E  INTENTIONALLY  &UUH 


The  corresponding  geometric  albedos  and  phase  integrals  arc  shown  in  Table  2.  Due  to  the 
lack  of  Voyager  data  below  10°  phase,  the  opposition  surge  for  Triton  could  not  be 
constrained;  therefore,  the  geometric  albedos  shown  were  calculated  assuming  no  opposition 
surge,  and  thus  yield  conservative  estimates.  However,  groundbased  observations  show  that 
Triton  does  not  have  an  appreciable  opposition  surge.  The  Bond  albedo  of  Triton,  calculated 
from  the  spherical  albedos  in  Table  2 below,  is  0.84  ± 0.05.  If  the  16  /ibar  N2  atmosphere 


TABLE  2:  Voyager  Green-,  Blue-,  and  Violet-Filter 
Geometric  Albedos,  Phase  Integrals,  and  Spherical 
Albedos  for  Triton 


Filter 

P 

q 

pq 

Green 

0.73 

1.19 

0.87 

Blue 

0.68 

1.18 

0.80 

Violet 

0.66 

1.19 

0.78 

detected  by  the  Voyager  radio  occultation  experiment  (Tyler  et  al.,  1989)  is  in  vapor 
equilibrium  with  the  surface  (therefore  implying  a surface  temperature  of  - 37.7°K),  our 
Bond  albedo  implies  a surface  emissivity  of  0.54  ± 0. 17. 

This  research  was  supported  by  NASA  Grants  NSG  7156  and  NSG  7606. 
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FIGURE  1: 


Whole-disk  phase  curves  of  Triton  fro™  * h^L  ^ti^depdi^.  The 

Rayleigh  scattering  in  Triton’s  tenuous 

atmosphere  is  negligible. 
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P.  « «•  f^^ICAL  IMPLICATIONS . 

Radiophysics  and  space 

Oberon— average  crateredaterraIintSbriohteXP°?ed  at  the  surtace  of 
dark  deposits  often  seen  on  cratel  f l o ® “ rays'  and  Prominent 
analysis  of  Voyager  broadband  fi^fter2  floors  • Our  preliminary 
bright  crater  Uys  ^ ^ thaPt  ^nary 

terrains  and  dark  crater  floor  denL?^  - thM  average  cratered 
on  other  Uranian  satellites^  contrast  to  terrains 

color  with  terrain  albedo  m *5L  exhlblb  little  correlation  of 

have  applied  Hapke's3  photometric  ^odli*  to  taihled  analysis,  we 
Voyager  imaging  and  Earthbas^H  r\b*r\+-  j_  4 ? observations  from 

photometric  properties  and^olors  of  Ober!?-.,  £”  order  to  co”Pare 
other,  and  to  those  of  other  Uranian  satSutes^1"  Units  t0  eadh 

all  f fvea of  adequate  constrain 

wavelengths  (A=o.48  pm).’  At  rth.V5  v™  ly  t Voyager  clear-f: liter 
individual  terrains  classes  oyag.®r.  wavelengths  and  for 

available.  m these  casesU  have  sur9a.  data  a« 

parameters,  h=0 . 007±0 . 002  and  b -i  n^+n*  n*he  opPosltion  surge 
average  clear  filter  values  and  deterafned  least'  at  their  global 
°f  w0/  g,  and  0 . Table  I lists  our  Hani^  ,?  leasb~sguf res  fit  values 
violet—  (A=0.41  n m)  , clear-  ~nra  ^ parameter  fits  for  Voyager 

Despite  significant  variations  of  (A=0‘56  data, 

roughness  are  similarly  lunar-like  (e  ~?i  • 7alyes  macroscopic 
Values  of  g from  Table  I decrease  ri-  ~21  f.or  a11  terrains, 
backscattering  particles)  with  inn  (representing  less  strongly 
scattering  albedo  } Wlth  lncreasin9  average  particle  single- 

km/pixe  1 Voyage^^c^^ Sequence *"of  aiOb  ^ highest  resolution  (5 
26836. 27;violet,  and  26836  ^Sreenf  (™S  26838 • 25 ;clear, 

of  normal  albedos  and  colors  of  Hiff0  jf  3_mabe  the  distribution 
albedos  range  from  0.15  for  darkest "fci terrains-  Clear-f ilter 
brightest  crater  ray  inaterials  li!  1 nJ1S  °n  °beron  to  °-6l  for 
and  green  normal  albedos  of  different**-1  sh°ws  that  average  violet 

relative  to  corresponding  clear-f ilte^K® a ySte”atically  va^y 
materials  on  Oberon  are  most  albedos.  The  brightest 

darkest  materials  are  at  the  same  +^,rly  sP®ctrally  neutral,  while 
to  clear  filter  albedos  HiS^a and  violat  ^latfvl 
similar,  but  much  weaker  trend  for %!;'  °bserved.  a qualitatively 
1)  • They  proposed  that  this  trend  i s conSf^S  ?"  ”iranda  (ooe  Fig" 
in  which  differing  amounts  of  mat-er^i  t6nt  Wlth  a mixin<?  model 
asteroidal  F-material  are  mixfd  1 Spectrally  similar  to 

component.  6 mixed  Wlth  a spectrally  neutral  icy 

shading-corrected°^<Voy^er>  image^^ci0 " “?PS  assembled  from  our 

asymmetric  spatial  distribution  nfClearly  reveal  a globally 
materials  (see  Fig.  2).  Vast  areas  of  "oinpoaitionally  different 
are  covered  by  low-albedo  materials  whichTre"  £?ot«u“igu” 
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to  dark  crater-floor  deposits.  In  contrast,  the  trailing 
hemisphere  of  Oberon  contains  comparatively  small,  Pa^hJ 
concentrations  of  dark  material,  and  much  greater  abundances  of  a 
spectrally  neutral  regolith  component.  Bright  crater  materials  are 
the  most  spectrally  neutral  of  all  materials  on  the  surface. 

Dark  deposits  in  crater  floors  on  Oberon  have  been  interpreted 
as  volcanic  flow  materials  extruded  from  depth  through  fissures  . 
While  many  of  our  newly  discovered  dark  surface  deposits  are 
associated  with  crater  doors,  most  occur  in  large  contiguous 
patches  exhibiting  no  obvious  genetic  relationship  to  particular 
craters.  A simple  explanation  for  the  origin  of  dark  materials, 
both  in  crater  floors  and  on  the  surface,  is  that  they  are  volcanic 
flood  deposits  analogous  to  lunar  mare.  This  origin  has  also  been 
suggested  for  irregular,  quasi-polygonal  deposits  of  unusually  dark 
material  in  topographically  low-lying  regions  of  Umbriel  s 
surface6.  Alternatively,  the  dark  areas  may  represent  a low-albedo 
layer  of  Oberon1 s lithosphere  which  has  been  exposed  by 
preferential  impact  erosion  on  its  leading  hemisphere.  In  either 
event,  the  preferential  occurrence  of  dark  materials  on  the  leading 
hemisphere  suggests  the  presence  of  a crustal  thickness  asymmetry. 
Relatively  fresh  impact  craters  have  evidently  excavated 
comparatively  clean  bright  ice  from  a near-surface  crustal  layer. 
This  clean-ice  crust  appears  to  cover  a deeper  layer  of 
material,  suggesting  that  Oberon  is  at  least  partially 

differentiated.  The  trailing  hemisphere  appears  to  be  covered  by 
a regolith  of  bright  icy  crustal  material  contaminated  by  dark 

surface  deposits. 
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Table  I:  Hapke  Parameters*  for  Terrains  on  Oberon 


Terrain 

Filter 

g 

9 

Global  Average 

Clear 

Green 

Violet 

0 . 41±0. 01 
0.4810.01 
0. 3310 . 01 

-0.2910.03 

-0.2410.01 

-0.3510.02 

2 112  * 

Average  cratered 

Clear 

Green 

Violet 

0 . 4 1±0 .02 
0.5310.02 
0 . 42±0. 03 

-0.2710.03 

-0.2110.02 

-0.2410.04 

2214  * 

Bright  craters 

Clear 

Green 

Violet 

0. 5010.01 
0.5710.06 
0. 50±0.07 

-0.2310.06 

-0.2010.07 

-0.1910.09 

2 117  * 

Dark  materials 

Clear 

Green 

Violet 

0 . 3 4 ±0 . 02 
0 .4710 . 03 
0. 3110.02 

-0.2810.05 

[-0.24]“ 

[-0.36]“ 

2014* 

sHapke  parameters:  u,0=average  particle  single-scattering  albedo, 

h=opposition  surge  angular  width=0 . 007±0 . 002 , ^opposition  surge 
amplitudes. 03±0. 06,  g=asymmetry  factor  in  Henyey-Greenstein 
particle  phase  function,  9 macroscopic  roughness 

“Bracketed  values  found  from  empirical  g - -O.1123/w0  - 0.0002b 
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an  improved  phase  curve  for  enceladus 

Voyager  observations  of  “wl^tavTSemenS'Se  Voyager 

43" , and  do  not  indude  (made  independently  by  EB.H.  and  J. I.KJ 

imaging  data  with  Earth-based  cuu  oosctv  v -bl  To  place  these  Earth-based 

to  construct  as  complete  a solar  p ase  , . to  transfer  observations  reduced  to 

observations  on  the  Voyager  curve  we  need  ««£*»  ^ ^ Additonill 

the  standard  Johnson  V filter  (0.55  nnt)  (1975)  and  Koutchmy  and  Lamy  (1975); 

telescopic  data  are  available  from  Franz  ami  MitoOTO^aMKo^  in  extreme 

however,  the  sub-Earth  pomt  at  the^ume  forVoyager.  Given  that  Buratti  suggests 

southern  latitudes  (-30°)  compm-  « ?o%  brighter  than  the  northern  hemisphere,  it 

that  the  southern  hemisphere  of  reUably  to  the  Voyager 

(+30°),  just  as  are  most  of  the  Voyager  images. 


1 JUSl  ilo  die;  uivw  T ~ . 

The  new  combined  phase  curve  is  shown  in  Fi^ 

removed  from  the  dam  ^ “^^Csiton  of  tbe  Hammel  point  at  phase  angle  0.65" 
Verbiscer  and  Veverka  (1990a).  po  suggests  an  opposition  surge;  however,  the 
relative  to  that  of  the  Havener  dam  near  4 ^~tion  in  Fig.  ( is  strongly 

Klavetter  measurements  were  made  at  R,  entire  curve  is  fit  to  Hapke’s 

dependent  on  the  V-R  assumed  for  Enceladus.  Jj*  ,.j0  - = 0.987,  macroscopic 
equation  with  the  foUowing  parameters:  smg  e g =°  ,0  3 opposition  surge 

roughness  f = 0°,  and  Henyey-Greenstein  asymmetry  factor  g 

* * . * 1.  A A 1 n evsrhl  R — 0 7. 
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Fig.  1.  Disk-integrated  solar  phase  curve  of 

- Earth-based  V-filter  (0.55  urn)  pogrom  “ the  V-band. 

Magnitudes  are  normalized  to  -2.5  log  pv  wnere  pv  is  u b 
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sjsss  trar,  „r 

spectrum  of  Enceladus  is  fairlv  flat  rCmfrchanir  t?on\ *5,  and  ^ ~ 0,94  ± 1-  Since  the 

A = P.,  approx,  ’ spherical  albedo 

snow  -csel'Es  s&s  “iZrf 

direction  (Verbiscer  and  Veverka  1990hi  ThZ  mcidei)t  radiation  m the  forward 
existence  of  significant  anSfof  ^33^^  f 
frost  itself  must  be  backscattering,  unliL  known 

This  research  was  supported  in  part  by  NASA  grants  NGT  50482  and  NSG  7156. 
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THE  INTEGRAL  PHASE  FUNCTION  OF  EUROPA 

D.  Domingue  and  B.  Hapke  (Department  of  Geology  and  Planetary 
Science,  University  of  Pittsburgh)  and  W.  Lockwood  and  D. 
Thompson  (Lowell  Observatory) 

Measurements  taken  by  two  of  us  (W.L.  and  D.T.)  with 
narrow  band  filters  at  0.47  and  0.55  urn  at  small  phase  angles 
clearly  show  the  existence  of  a sharp,  narrow  opposition 
peak.  We  have  combined  this  data  with  Voyager  images  to  give 
a range  of  phase  angle  coverage  from  0.3  . to  119  . 
Application  of  Hapke 's  photometric  theory  to  this  integral 
data  gives  the  following  results.  The  photometric  parameters 
are  remarkably  similar  for  both  wavelengths  and  hemispheres. 
For  example,  the  values  at  A = 0.47  Jim  for  the  leading  side 
are  as  follows:  single  scattering  albedo  w = 0.913; 
opposition  effect  amplitude  Bo  = 0.43;  opposition  effect 
width  h = 0.0016;  double-lobed  Henyey-Greenstein  forward 
scattering  parameter  b = 0.46  and  back  scattering  parameter  c 
= 0.15;  mean  roughness  angle  9 = 10°.  The  small  roughness 
implies  that  the  low  surface  relief  seen  at  kilometer  scales 
in  the  Voyager  images  extends  down  to  centimeter  scales.  The 
very  narrow  opposition  surge  may  be  caused  by  some  other 
phenomenon  than  shadow-  hiding;  however,  if  it  is  due  to 
shadow-  hiding,  then  the  porosity  of  the  upper  layers  of  the 
regolith  must  be  very  high,  of  the  order  of  96%  or  more. 
This  is  much  larger  than  that  of  a regolith  generated  by 
meteoritic  gardening,  which  would  be  similar  to  lunar  soil 
and  have  a porosity  of  the  order  of  60%.  However,  it  is 
within  the  range  of  dry  powdered  snow  or  frost.  The  high 
porosity  implies  that  the  structure  of  the  visible  regolith 
at  cemtimeter  sclaes  is  dominated  by  endogenic  processes, 
such  as  frost  sublimation.  The  differences  between  our 
results  and  those  of  other  studies  are  due  primarily  to  the 
new  data  at  small  phase  angles,  which  was  not  available  to 
previous  workers. 
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Laboratory  Reflectance  Spectra  of  Irradiated  Ices: 
Applications  to  Europa 

J.W.  Boring,  Dept,  of  Nuclear  Engineering  and  Engineering  Physics, 
University  of  Virginia,  Charlottesville,  VA  22901 

Much  of  the  information  about  the  character  of  the 
surfaces  of  planetary  bodies  has  been  obtained  by  studying  the 
spectra  of  reflected  sunlight.  From  these  spectra  one  obtains 
a feel  for  the  chemical  species  present  on  the  surface,  as 
well  as  its  topography  and  crystal  structure.  However,  it  has 
become  increasingly  apparent  that  in  many  cases  the  surfaces 
are  rather  complex,  consisting  of  a mixture  of  original 
materials  that  have  been  modified  over  time  by  various 
processes.  As  a result  of  this  complexity  it  is  frequently 
difficult  to  assign  unambiguously  a spectral  feature  to  a 
definite  species  and  structure  without  additional  information. 

If  we  now  focus  our  attention  on  planetary  satellites  and 
rings  then  one  of  the  processes  that  is  most  important  in 
altering  the  surface  is  due  to  its  bombardment  by  ions  trapped 
in  the  magnetosphere  of  the  planet.  These  ions  become 
implanted  in  the  surface  region,  they  break  chemical  bonds  in 
the  material  (resulting  in  new  species)  and  they  alter  the 
topography  and  crystal  structure  of  the  surface.  Because 
these  ions  can  produce  such  drastic  changes  in  the  character 
of  the  surface  it  is  absolutely  essential  that  we  have  a body 
of  carefully  controlled  laboratory  data  for  comparison  with 
the  direct  planetary  observations.  In  the  present  work  we 
concentrate  on  one  ubiquitous  surface  material  - H20  and  the 
Jovian  satellite  Europa.  The  program  involves  studying  in  the 
laboratory  the  reflectance  characteristics  of  ice  under  a 
variety  of  conditions  both  before  and  after  bombardment  by  keV 
ions.  The  first  measurements  will  be  made  in  the  ultraviolet 
and  visible.  Later  the  measurements  will  be  expanded  to 
include  the  infrared. 

The  experimental  system  consists  of  a closed  cycle  helium 
refrigerator  for  producing  a target  temperature  in  the  range 
15-150K,  an  ion  accelerator  with  energy  capability  in  the 
ranrfe  keV , a target  chamber  with  UHV  capability  down  to 
10'1  Torr,  light  sources  in  the  visible,  UV  and  IR,  and  VUV 
and  FTIR  spectrometers  for  observing  the  spectrum  of  light 
reflected  from  a solid  H20  surface. 

Preliminary  measurements  for  the  effects  of  ion 
bombardment  on  the  reflectance  of  ice  have  been  made  in  our 
laboratory  by  graduate  students  0 ' Shaughnessy  and  Nowakowski. 

Their  results  indicate  that  there  may  be  absorption  features 
produced  by  both  the  implantation  of  atoms  such  as  sulfur  and 
also  new  species  that  are  produced  as  a result  of  the  bonds 
broken  in  the  original  H20  molecules.  We  are  now  in  the 
process  of  doing  systematic  studies  of  the  reflection  of  solid 
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. c i __  fluence,  growing  temperature, 

H,0  as  a function  of  . soecies.  The  reflectance 

bombarding  temperature  an easurements  are  compared  to  the 
spectra  taken  in  these  measurements  al  reflectance, 

thereby&deteinnining  ^absolute  shape  of  the  curves. 

From  our  first  ?«ies  of  me^urements 

the 'films  grown  at  the  higher  temperatures  are 

more  reflecting  (no  ion  bombardment) , 

4.  i foahires  (2)  Bombardment  of  a 50 
with  no  strong  spectr ^oduces  two  strong  features,  one  at  a 
film  at  60K  with  ions  Prod^ceS  t tWQ  36  * The  0.36^  feature 

wavelength  of  0.26  im  and  one  f at  relatively  low 

(3 

^ -W  — s but  the  spectral 

features  are  weaker. 
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« M A'-^ru^Tof  CaSfo^TlS  2f»{  <***«*  **>*»  of 

Selivanov,  Institute  of  Space  Devices,  Moscow.  L°S  Angeles>  M-  Naraeva  and  A. 

spacecraft  0™^  USSR  “cquiied’a  onb°ard  *e  Phobos  '88 

observations  of  the  reflected  solar  and  thermal  emission  fmntlur'  rPsoIu,lon  simultaneous 
iMve  analyzed  quantitatively  approximate^^ “2™?' ““P  'l)ua,onal  regton.  We 
three  preliminary  analyses*  a commri^nn  nfT  , entire  data  set  and  here  present 

Mapper  flRTM^ lata;  an  analysis  of  therni  uSS  il^Wl|,,h  Viking  l"tad  ™=nnal 
Innb  and  other  preliminaty  limb  anaivsi^es.lfe^  f*  br,l8hlen“8  seen  on  the  morning 

?ete"ed  O"  by  TetToSr  °f  °"e  °f  *> 

radiometer  with  one  visible  channel  (^To  ^hannel  bPtical-mechanical  scanning 
12.0  pm).  The  instmment  was  &3.  to  L channel  ^ 
Resolution  per  pixel  at  nadir  was  1 .8  km  for  ?of  g ® ^ .antl'soIar  direction, 

for  the  remaining  panorama.  3 of  the  4 panoramas  acquired  and  300  meters 

COMPARISON  WITH  IRTM  OBSERVATIONS-  t a 
accuracy  of  the  Termoskan  data  set  we  comnum^  • u u‘  T°  detemu«e  the  absolute 
measurements.  We  compared  ’brighmes^emnT^  **  7“  CahJrated  Viking  IRTM 
observations  to  brightness  temperaturef  from  IRTM? &°u  Termoskan  infrared 
We  constrained  the  IRTM  data  to  match  aDDmxW  l 1 channeI  (9.8  to  12.5  pm) 

longitude,  latitude,  and  local  time  of  dav?  liTS  Termoskan  data  in  season  (LJ 
degraded  the  Termoskan  resolution  to  a resold  tZ  Cufpare  fhe  *"<>  data  sets,  we 
a representative  Tenposkan-IRTM  comparison  whi rh  ^>arab^e  to  Vlking-  Figure  1 shows 
have  compared.  We  find  that  the  Temosk^  briaht^^T18*6111  With  0ther  31635  that  we 
3 K warmer  than  corresponding  IRTM  brivhtnpfc  fCSS  temPeratures  are  approximately 

«S»^"»KEBS3iS 

WraredTcEh^dSfro^  m thb  Tetmoskan  theimal 

sample  momrng  limb  profile.  We  Lnlain  to? • l!?ly  °?f  rved‘  Figure  2 shows  a 
as  a consequence  of  an  ice  or  dust  haze  ill  ^iili^i^m^Lblightness  Just  off  the  limb 
warmer  than  the  pre-dawn  surface.  Sensed  a atmosPh<*e,  which  is 

0ped  ?r  the  Mars  °bserver  limb  soSr  P^R^gt°n  Spherical  sheI1  model 
Radiometer),  and  found  that  a water  ice  h^e  wirh^f^.  (P»[e-Te  Modulator  Infrared 
atmosphere  at  200  K,  surface  at  175  21  ]a  th  3 scale  height  of  5 km  (isothermal 
matching  the  one  in  Figure  2 The  visible  channe?H  r°C  & !^enna^  brightness  signature 
to  eXte„d  60  to  70  km  aZve  the  li^b  F^^w^S  * ^ SCatteri*g  atmosph^e 
absence  of  any  infrared  evening  limb  brSeniwTc  PC  evenu,g  limb  profile  The 
warmer  than  the  atmosphere  . On  the  evening  limb  l Wlth  3 surface  which  is 

correlate  well  with  that  seen  by  the  Phobos  ^AUCUST^  ^ W3S  observed  which  may 
PHOBOS  SHADOW  MP  a error?*  ^xVtHGUST  exPeriment.  y 

Phobos  on  the  surface  of  Mars^urm^o^fiK?'  Termoskan  observed  the  shadow  of 
the  instmment  and  the  similarity  o/the  soacecraft’^  sc^-  D“e  to  the  scanning  nature  of 
appears  elongated  in  the  images  We  have  looked  at  1°  ^ °f  Phobos’  the  sbadow 
Mons.  We  used  the  observed  drop fa ^ flux  w Z ^ ^ rCgi°n  SOUth  of- Arsia 
solar  msolation  as  a function  of  both  actual  timp  m tbe  sbadowed  area  to  model  the 
position  - the  scan.  We  then  used  this  in  an  Tne 
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dimensional,  finite  difference  ^pg  observed  in  the  infrared  scan  we 

comparing  the  model  results  with  the  te  pe  re  ^p  ^ 2 g.1/2  values  of 

find  thermal  inertias  varying  frotn  . • d to  thermal  inertias  derived  from 

thermal  inertia  are  lower  by  facto*  of  ^/^P^g^ved  inertias  are  sensitive  to 
Viking  IRTM  measurements  [2]  , pu0u0S  shadow  measurements  are 

23.  °f  iess 

(!)  Oifford,  ShM„ 

“u-  of  Geophysical  Research,  82  (28),  PP-  4249- 

4291. 

_ir°O±1?0  LAT.;  TERMO.  DATA:  67  P.XELS  SQUARE  AVG,  ±30  MIN. 
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DN  VALUE  (VISIBLE)  DN  VALUE  (VISIBLE) 


VISIBLE  AND  INFRARED  MORNING  LIMB  PROFILES 


Figure  2:  A single  morning  limb  profile  for  both  the  visible  (dashed  curve)  and  the  infrared 
(solid  curve)  channels.  The  solid  limb  was  encountered  at  approximately  26  seconds  after  the 
start  of  the  scan. 


VISIBLE  AND  INFRARED  EVENING  LIMB  PROFILES 


< 

> 


3:  ^„itngle1eV'.n.mg  lunb  ProfUe  for  h®**1  visible  (dashed  curve)  and  the  infrared 
r^  ^Te)  channeU  No,e  *hal  **“  ,imes  on  horizontal  axis  are  local  to  the  particular  data 
“dc  dohn?‘  .rePn'sem  times  along  the  scan.  Note  the  peak  in  visible  brightness  at  479 
seconds  which  is  a distinct  cloud  feature.  •eaamiti* 
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DN  VALUE  (INFRARED) 


SURFACE  HETEROGENEITY  AND  METEORITE  ^NALOGS^  OF  Praft 

KRFM  SPECTRAL  RESULTS.  D.T.  Britt.  S.L.  Murch  J ' U.S.A.).  L.V.  Ksanfomality,  A. 

84/32’  117810’  Moscow 

GSP-7,  U.S.S.R.).  t „ . , 

On  March  25,  ,9.9  rh.  03-0.6  J-  ™ J— ^ *£!  Tj.  > 

spacecraft  acquired  spectral  data  along  twogroundtrack  * k 2 vered  a swath  0.94  kilometers  wide 

sampled  a swath  0.83  kilometers  wide  located  at  4.5  S 140  W ^W^tra^  ^ ^ heterogeneity  reCognized 

located  at  2°N,  194°W-227°W  [1].  The  oca  on  radiometer  daU  The  tracks  sample  three  of  four  color  units 

in  VSK  visible/near-IR  color-ratio  images  and  KR  "bluish  gray"  units  [2].  This  analysis  will  focus  on 

mapped  in  the  color-ratio  images,  the  re  , r gX  y ’ ^ spectra  Qf  a suite  of  possible  meteorite 

prerentaiion  of  KRFM  spear.  of  Photo  sorf.ce  ” .h^Tompo.irion  of  Photo.  B.c.se  of 

as j'dSrrtsi  ?y.  Tjsrz'zizss* 

»•>  . composite  rpcchnn,  of  Photo  derived  from  previous 

remote  observations  [3].  f t nn  phobos  and  the  composite  disk- integrated 

Spectral  Data:  Shown  in  Figure  1 are  the  spectra  of  ten  areas  on  Phot™  >m  po  ^ fw 

spectrum  used  as  a calibration  standard  [1].  These  each  spectrum ^ All  Phobos  spectra  are  averages  of  four 

viewing  purposes,  the  reflectance  scale  **°f*e^^  o^ kilometer  along  track, 

adjacent  spectra  taken  at  one  second  intervals,  effecti  y ^ P * 0ns  can  be  made.  (1)  All  spectra  show 

Although  the  spectra  exhibit  substantial  heterogeneity,  sever  g Most  ctra  red- 

a strong  UV  drop-off.  usually  beginning  between  This  reddening  to  the  west 

sloped,  and  the  degree  of  redness  tends  to  mcreasem  a w^teriy ^ present  m spectra  Qf  "bluish  gray- 
confirms  similar  results  from  color-ratio  tmag  [ ]■  ( ) j channel  10  at  0.6  pm),  the  "red"  material 

material  (centered  in  the  KRFM  spectra  on  3 (tXed  on  channelTat  0.445  pm).  The 

(centered  on  channel  8 at  0.488  pm),  and  the  reddish  gray  VSK  coior-ratio  data  [2]. 

areas  characterized  by  these  absorptions  correlate  wi  meteorites  representing  classes  of  material  suggested  as 

Shown  in  Figure  2 are  laboratory  spectra  of  eleven  md  optically  altered  black 

possible  compositional  analogs  for  Phobos . -P-cjJej* MAB  [5],  and  were  resampled 
chondrites  [4],  These  spectra  were  onginallyobtamedathighs^tta^  m each  channel.  Once  again, 

into  KRFM  bandpasses  by  a computer  algorithm  based  on  the  KRFM  spectral  respo 

all  spectra  are  scaled  to  unity  at  0.55  pm  and  are  offset  for  d 2 shows  that  no  single  meteorite  or 

*Llysh  and  Interpretation!-  A comparison  the  wavelength8  range  analyzed 

group  of  meteorites  has  a unique  spectral  similarity  1 ff  . . • between  0 55  and  0.6  pm,  in  contrast 

by  KRFM.  Most  meteorites  exhibit  a relatively  gradual  UV  that  are  evident  in  the 

to  the  rapid  drop-off  below  0.410  pm  and  the  relauve  y a spec  ^ ^ KRFM  data  at  0.488  and  0.445  pm. 

Phobos  data.  In  addition,  no  meteorites  exhibit  the  a sorp  10  soectra  of  the  bluish  gray  unit  and  in  the 

A more  modest  absorption  band  at  0.346  microns  ,s  seen  , m ^ KoSby  lh/vSK  instrument 
carbonaceous  chondrites  Bonskmo,  Kamsaz  Gr0™aJaj  311  ou^de  the  range  observed  in  carbonaceous  chondrites,  but 
indicates  that  the  bluish  gray  unit  s color-ratio  of  10'11  . b,ak  chondrites  [6].  The  two  other  mapped 

is  within  the  range  observed  in  optically  altered  mafic  ?*££' ^"or  ratios  that  overlap  the  range 
units  sampled  by  the  KRFM  ground  track,  the  red  an  Altered  black  chondrite  meteorites.  Of  the  meteorites 

SI?  pioJU,  tavc  Sp««.  m...  «.  — «f  Pfoto  .»fto 

components  analysis.  In  this  analysis,  shown  in  g . where  distance  is  a measure  of  relative  spectral 

orthogonal  principal  components  and  reprojected  m o s is  P . distance  from  the  area  defined  by  the 

dissimilarity.  The  strongly  red  sloped  carbonaceous  chondrites  plot  at  a jarg«  three  black  chondrites 

le^  to$  be*  m ore  |s  im  il  aT  to'  £ 

itr^  — rU-  na«K,  CM  carbonaceous  chondrites,  consistent  with  the 

- s= 

color-ratio  data  indicate  that  carbonaceous  chondrite  e mat  the  existence  of  apparent  absorption  bands  in 

srsr ns rsaffss-s:  * — • - - 
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material  of  Phobos,  and  that  optical  alteration  and  mixing  by  regolith  processes  may  be  an  important  factor  in  the 
evolution  of  Phobos  surface  material. 

REFERENCES:  [1]  Murchie  S.  et  al.  (1990a)  LPS  XXI,  These  volumes.  [2]  Murchie  S.  et  al.  (1990b)  LPS  XXI 
These  volumes.  [3]  Pang  K.  et  al.  (1978)  Science  199 , 64-66.  [4]  Britt  D.  and  Pieters  C.  (1988)  Astron.  Vestnik  22, 
229-239.  [5]  Pieters  C.  (1989)  RELAB  Users  Manual,  available  on  request.  [6]  Britt  D.  and  Pieters  C (1990) 

Unpublished  RELAB  spectra.  [7]  Lucy  P.  and  Bell  J.  (1989)  LPS  XX , 598-599.  [8]  Bibring  J-P.  et  al.  (1989)  Nature 
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Figure  1:  KRFM  spectra  of  Phobos  and  the 

composite  spectrum  used  for  calibration.  All  spectra 
are  scaled  to  unity  at  0.55  and  each  spectra  is  offset 
10%  for  viewing  clarity.  Notations  on  left  border  of 
O65  the  plot  refer  to  the  track  number  of  the  data  and  color 
units  defined  by  Murchie  et  al.  [2]. 
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Figure  2:  Meteorite  laboratory 

spectra  resampled  into  KRFM 
spectral  bandpasses.  All  spectra  are 
scaled  to  unity  at  0.55  and  each 
spectra  is  offset  10%  for  viewing 
clarity.  Meteorites  are  arranged 
roughly  in  order  of  decreasing 
redness. 
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Figure  3:  The  first  two  principal  components  of 

KRFM  and  meteorite  spectra.  The  position  of  an 
object  in  the  plot  is  a measure  of  spectral  similarity. 
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nmflL  PROPERTIES  OF  COj  ICE  AND  CO2  SNOW  FROM  THE  ULTRAVIOLET  TO  THE 
™FRARED:  APFUCATTON  TO  SURFACE  FROST  DEPOSITS  AND 

Gary  B.  Hansen,  Geophysics  Program  AK-50,  Universi.,  of  Washington,  Setude,  WA  98195  I U.S.A. 

Stephen  G.  Wanen  and  Conway  B.  Leovy,  Department  of  Aunosphenc  Sctences 
University  of  Washington,  Seattle,  WA  98195  U.S.A. 

The  plane.  Mars  has  a tennous  atmosphere  which  is  -95%  carton  dioxide.  The  annual  variation  of  at- 
P . the  mean  value  of  6 mbar,  with  most  of  the  variation  due  to  condensa- 

where  radiative  cooUng  lowers  the  temperature  of  the  surface  and/or  aUno- 
sphere  to  below  the  equilibrium  condensation  point  This  condensation  connols  a major  component 
atmospheric  cireulation  (Pollack  et  al„  1990)  and  the  global  aunospheric  pressure.  Exact  modelling  o 

f the  rOo  clouds  and  frost  which  determine  the  rate  and  altitude  of  condensation 
radiative  properties  of  the  C02  clouds  and  frc«t  w distributions 

auires  the  refractive  index  and  absorpuon  coefficient  of  bulk  CO2  »ce  as  weu  as  par 

L dust  optical  properties  and  distributor  These  oprical  properties  must  be  known  throughout  Ihe  visible 

ami  near  inframd  as  well  as  in  the  thetmal  infrared,  if  springdme  sublimation  of  the  polar  depostis  y ra 

“”^098^  I'te  best  esrimate  of  the  optical  constiutis  of  COr  ice,  which  nevertimless  con- 

* " liber  of  g^s  and  unrertainties.  Indications  am,  however,  to.  die  ~ ofC*  ice. 
very  low  in  the  visible  and  near  ultraviolet  and  between  the  stiong  abstnption  bands  in  Urn "ntiared 
incases  the  reflectance  and  reduces  the  emissivity  of  a surface  of  small  particles  since  photons  can  pass 
through  more  particles  and  be  scattered  out  of  the  surface  before  being  absorbed.  Ustng  the  optical  proper 
ties  from  Warren  (1986)  and  Ihe  radiative  transfer  models  of  Wiscombe  and  Warren  0980) 02 
Wiscombe  (1980),  Wanen  e.  al.  (1990)  calculated  the  spectial  albedo  and  em.ssrv„y  of  CO.  snow  from  0.2 
“TfuLn  of  particle  sire  and  dust  or  water  ice  conmntimttion.  The  differenced,  our  more 
common  experience  with  water  snow  are  spiking,  with  near  infrared  reflectance  > » ^ 
emissivity  < 20%  in  some  spectial  regions  and  for  some  particle  sires  (warer  snow  ts  black  tn  tit 
gions)  Clouds  of  particles  which  have  low  absonttion  (high  single  scauering  albedo)  in  tire  tnfmred  do  no 
Tl  btecktetdies  as  do  water  clouds,  but  instead  show  low  emissivhy  and  are  effective  a.  Nteksca  en„ 
smface  titennal  mdiation  (Hunt.  1980).  The  stiengd,  of  titese  effecte  is  dependent  on  accurate  knowledge 

absorption  between  die  strong  bands,  which  is  no.  now  available. 

A large  number  of  spacecraft  measurements  have  hinted  at  unusual  emtssmties  or  unrdenofied  spec 
features  which  may  be  atiributed  to  the  properties  of  CO,  ice.  Unexpectedly  low  brighmess  tmnp^rttoi  m 
the  polar  regions  of  Mam  have  been  measured  in  the  thermal  infmred  by  both  the  Manner  9 and  Vdung  re- 
biters.  For  example,  measurements  from  KTM  (a  multichannel  infmred  radiometer  on  Vtktng)  across  to 
polar  regions  in  to  winter  and  spring  show  20pm  brightness  temperatures  signtficantly  lower  than  the  pm 
brightness  temperatures  (Kieffer  e.  al.,1976;  Kieffer,  1979).  Recent  reexammation  of  to  thermal  spectra 
from  to  Mariner  9 orbiter  reveal  similar  non-blackbody  spectra  including  those  of  wrnter  poltti  regto 
which  show  brightness  temperatures  a.  wavelengtits  longer  dun  20pm  below  to  equilibrium  for  COr  con- 
densation . Among  to  explanations  offered  for  these  observations  are  low  emtsstvtty  of  to  surface  (e.g.. 


243 


"1“  d ; ,976;  “d  1979>  “«•  c°2  clouds  (e.g„  Paige,  1985;  Paige,  1989).  Cal- 

v.n<19«9).  using  the  scauenng  model  of  Hapke(1981),  has  shown  lhal  ihe  spectml  reflectance  eaT-.i..^ 

r *'a™,<1986)  '"*»  in  the  near  infrared  do  not  match  with  the  spectra  of  laboratory 

frosts  or  »e  spectra  rammed  by  Mariner  7.  The  proper  modeling  of  these  phenomena  will  require  beder 
knowledge  of  the  optical  constants  of  the  CO;  ice  particles  on  the  ground  or  in  the  clouds 

It  has  been  proven  difficult  to  grow  CO,  ice  in  other  than  thin  films.  This  is  apparendy  doe  to  frost-like 
^uditamn^owth  or  to  excessive  thennal  stresses,  which  cause  clouding  or  cracking  (Dideon  and 
Krefler,  1979).  The  nnaguwy  index  of  refraction  (=  linear  absorption  coefficient  x Wit)  has  therefore  been 
poorly  measured  or  not  measured  at  all  where  linear  absoiption  < 10  cm  ' (imaginary  index  < 10-*  at  lpm) 
Among  the  exispng  measurements  of  Ihe  absmption  of  CO,  ice  in  the  regions  of  low  abstnption  are  those 
om  0.3pm  to  1pm  wtdi  impure  ice  (Egan  and  Spagnolo,  1969)  and  those  from  2.5pm  to  25pm  with 
cracked  and  cloudy  simples  (Dideon  and  Better,  1979).  However  Gaizauskas  (1955)  succeeded  in  growing 
clear  crystals  of  several  millimeters  thickness  to  measure  the  absrapdon  bands  near  7pm.  Measurements 
have  "eve,  been  made  beyond  25pm,  between  1pm  and  2.5pm  except  for  dm  prong  hands  or  between  the 
strong  ultraviolet  absmption  <0.14pm  and  0.3pm.  Measurements  of  the  real  index  of  CO,  ice  have  been 
made  at  many  temperatures  in  the  visible  and  have  been  extended  to  all  wavelengths  by  the  use  of  accurate 
knowledge  of  strong  absorptions  and  Kramers-Kronig  analysis  (Warren,  1986). 

'hat  “ iS  P°SSiWe  10  8">W  l"g'  Clear  !amp]es  °f  C02  al  “tns-ldc  temperatures  of 
50K-170K  ,f  a temperature-controlled  refrigeradn  is  connected  lo  an  isolated  two-phase  pure  CO,  system 

hi  this  way,  dm  system  pressure  adjusts  to  die  equilibrium  value  dimmed  by  the  refiigeralor  temperature  and 

,1 “ f°WS  “ “ cons,su"t  wil*  «ns  supply.  Samples  of  up  lo  18  cm’  have  been  grown  from 
Ulfra-high  punty  gas  in  this  way.  We  have  designed  a chamber  for  fransmission  measuremems  whose  opfi- 
pa  between  the  13mm  diameter  windows  is  adjustable  from  I.6mm  to  107mm.  This  wid  allow  meas- 
urements  linear  abstxption  down  to  <0.01  cm  '.  The  spectra,  resolufion  win  be  provided  from  die  ulna- 
violet  to  55pm  by  a grating  monochromete,  whose  slit  image  will  be  focused  in  dm  chamber  ceme,  and  on 
die  following  detector  by  minor  optics.  The  spectral  region  from  2.5pm  to  50pm  wid  be  measured  by  a 
Krone,  transfonn  specromere,  whore  interference  beam  wid  he  focused  through  the  chamber  and  onto  die 
■taemor.  The  absoppdon  coefficient  wid  he  deteimined  by  a linear  fi,  to  the  logarithm  of  die  absoiption  a. 
different  optical  path  lengdis  for  each  wavelengdi.  ,f  measu^nents  me  made  „ two  disdnc,  temperatures 
some  esumate  of  the  temperature  variation  of  the  coefficients  can  be  made.  It  would  also  be  useful  to  dev- 

TT  *T°  meaSUren,'m  °f  "*  ,M1  “eX  °f  rCf““"  al  ivnveleogths  beriveen  die 
g bands  other  than  dm  visible,  to  help  constrain  die  Kramera-Kronig  analysis  made  by  Wmren(1986) 

Chroe  dm  revised  opfica,  constants  have  been  demand  as  a function  of  wavelengd,  and  temperature,' 

y can  be  applied  to  spectral  reflectance/emissivity  models  for  CO,  snow  surfaces,  bodi  pme  and  contam- 

mmed  will.  dm,  or  ware,  ice,  using  die  delta-Eddington  approach  of  Wmren  et  al.  (1990)  andior  die 

ZZZ  “ aPProaC"  * H,Pk'  (198,)-  “ -■  «*  —*1  *h  to  develop  an  infrared  scatlering- 
« cloud  rmhance  mode,  (especially  as  viewed  from  rear  dm  limb)  in  rader  * develop  a sfialegy  L 

idendfication  of  CO,  cloud  layera  by  the  PMIRR  (adnospheric  infrared  radiometer)  instalment  on  Mara 
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Observer.  These  model  results  wiB  hopefully  also  shed  light  on  dm  unusual  measurements  made  on  the  pm 
vious  missions. 
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ANALYS ISOFMARINER  6 AND  7 DATA  (2 -6pm):  APPLICATION  TO  THE  MERIDIANI 

^ h’  v l 3tLUS’  HELLAS  AND  S0UTH  P0LAR  CAP  regions  of  mars 

Trude  V.V.  King  and  Wendy  M.  Calvin,  U.S.  Geological  Survey, 

Denver,  CO  80225 

orevion«fieS  USlng  5Jariner  6 and  7 data  were  undertaken  to  identify 
previously  unrecognized  absorption  features  and  to  confirm  the  results  of 

recent  ground-based  observations.  The  Mariner  data  have  the  advantage  that 

sn*M*fre  n?t  fffec^ed  hy  terrestrial  atmospheric  absorptions,  have  higher 
spatial  resolution  than  terrestrial  observations,  and  covei  the  short 
wavelength  infrared  region  with  reasonably  high  spectral  resolution 
However,  the  Mariner  data  are  subject  to  a variety  of  other  unce«aSes 

afier  th"  h?Va  'lt^mPced  to  rectify,  as  much  as  is  possible  twenty  years 
after  the  original  flyby.  A major  programming  effort  was  required  to 
prepare  the  data  for  interpretation.  required  to 

n9RsIheJ?ariner  ^f^ared  sPertrometer  data  were  obtained  from  Martin 
svsfel  h provfdad  corrections  to  the  current  latitude  and  longitude 
system  and  an  initial  wavelength  calibration.  However,  the  initial 
velength  calibration  was  inaccurate.  The  2 -6pm  wavelength  region  is 

filter^  wLeT  ’“S"  (1'9\3'7'“  and  3°-6-0  a circular  -r^ble 

Iter  wheel.  The  rotation  rate  of  the  wheel  seemingly  varied  non- 
linearly  thus  prohibiting  the  use  of  fiduciary  spikes  in  the  filter  wheel 

Z CO  “ithiK  °r  aCrOSS  a -gLnt.  It  was  LccssarJ  to 

filter2  !nT  Pfff1C  absorptions , an  absorption  in  the  circular  variable 

the  two  halves  of^h^CVF  33  intra'  Segment  calibrations  for 

data  A^i^onal  corrections  which  had  to  be  determined  and  applied  to  the 
h 3-6pm  wavelength  region  included  removal  of  a space  background 
® ure’  correction  for  the  instrument  response  as  a function  of 

Z SjTf  °£  the  theraally  component  and  corr.cZn  of 

* ■ resP°nse  to  obtain  reflectance.  The  instrument 

snare T , funCt'°n'  derived  fron>  black-body  calibration  spectra  and  the 
space  background  response  (average  of  six  spectra  recorded  after  the  flyby) 
ere  smoothed  using  a fast  Fourier  transform.  The  solar  flux  ^as 

calculated  and  adjusted  for  Mars'  distance  from  the  Sun,  and  the  thermal 
in^tr lbUt(-0f-  "^  calculated  using  temperatures  determined  by  the  original 

instrument  team  (Pimentel  et  al.,  1974).  Two  studies  using  the  corrected 

area^h  ***£’  0n®  f ^ Martian  south  Polar  cap  and  another  of  non- icy 

areas,  have  been  completed.  y 

Calvin  (1989,1990)  used  the  processed  Mariner  7 data  in  a study 

Marxian"?  Jfb°rftory  C°2  frosts>  calculated  CO  ice  reflectances  and  the 
Martian  south  polar  cap  spectra.  Figure  1 shows  I calculated  ice  and  a 

the  south  DolarCtrUmH-0fithe  SOUth  Polar  region.  The  Mariner  7 data  of 

spectra  llth  'dL,  ? ^ S^ctva}  trends  similar  to  the  calculated  frost 

P?tra‘  Both  data  sets  sh°w:  increasing  depth  of  the  2.28  and  2.34  am 

3 0 UInd’  3U?PreSSK°na°5  3‘4  wavelenSth  region,  and  reduction  of  the 
size  The  Mari  **"  7““*  depths;  a11  of  which  correlate  with  increasing  grain 
or  2 1 SpeCtrum  indicate  an  increase  in  the  grain  size  from  1 

bands  Z the  3Ca  °r  §reater  aCu°SS  thG  P°lar  Cap‘  Saturation  of  absorption 
bands  in  the  3 -4pm  region  is  the  most  probable  explanation  of  the  behavior 

ice  with  SpaCtra‘  , H°Wever>  other  factors  such  as  contamination  of  the  C0o 
niff  or,  dust  may  contribute  to  the  observed  spectral  changes  2 

lfferences  between  the  calculated  CC>2  spectra  and  Mariner  spectra  in 


246 


the  2.43  pm  wavelength  re|ion  ^^CO^bsSptionr  hivf^he  same 

calculated  spectra  the  . , • 0^^ro  the  \ 43um  absorption  is  less  than 

intensity  but  in  the  However,  the  relative 

half  that  of  the  2.28  and  2.34p  P f the  laboratory  C02 

intensities  of  the  absorption  to  Xe  Sariner spectra.  This  suggests* 
frost  on  ice  spectra  are  similar  ^ ohcnrntion  coefficients  in  this 

assuming  no  problems  with  derive  P ^ composed  of  CO.  frost 

wavelength  region,  th^f '““““\fLall  amounts  of  water  or  dus?  in  the 
SriSSre' X a range  o/grain  sites  in  the  polar  cap  may  also  account 

£oi  ir:  2S ^t^calvin  and  King  “ioSVtS 

absorption  features  between  2-6  pm  ® P bands  identified  in  the  study 

Martian  surface.  Many  of  the^ab ~^£"Lorption  features.  Thus^ 
occur  near  or  m . model  Martian  atmosphere,  provided 

brlrUTm?)  . “to* th^plution  of  the  "^nerjnstrument . ^ata^re 

wareUn^rg^  *"  “ * 

laCk  Figure1^' shows  K'Si-”' spectra  <1.9- ^pm)  af  “^re^oval^of  ^he 

model  atmosphere.  sphere  removed  spectra  and  is  seen  as  a 

feature  is  present  in  all  the  a P spectra.  However,  given  the 

change  of  slope  in  some  of  the  o g Pslble  that  the  absorption 

uncertainties  of  the  atmosphen  ’ . r removal  of  atmospheric 

feature  may  have  been  introduced  by  possible  due  to  the 

absorptions.  Confirmation  using  Mariner  6 data  was  no  P 

poor  signal -to -noise  quality  of  that  ins t rumen  . presence  of  absorption 
P°  Thf  processed  Mariner  7 data  confirmed  ^he  Presence,^  (19,0) 

features  reported  by  Clark  et  al ' ( ' d Mcc0rd  (1990)  attribute  a 

based  on  terrestrial  observations  Calvin  and  King  (1990)  corrected  the 

feature  at  3.8pm  to  atmospheric  ™2'  and  removed  a continuum  for 

Mariner  data  for  thermal  and  solar  _ ot-mosoheres  of  the  Hellas  region, 

comparison  with  models  of  2 and  airm  based  on  path  length  and 

Using  the  4 airmass  atmosphere  mo  ’ atmospbere  for  this  observation,  the 
elevation  is  known  to  be  ^““^^^re  appears  to  be  related  to  a 
3.8pm  absorption  remains . Thus  the  1.  p ^ ^ ^ surface.  Before 

mineralogical  component  m the  a P origin  of  this  feature,  the 

a definitive  statement  can  be  made  for  inaccuracies . However,  the 

atmospheric  models  need  to  . , . consistent  with  the  depth  of  the 

observation  that  the  atmospheric  regions  of  Mars  supports  the 

atmospheric  absorptions  over  absorption  over  Hellas, 

mineralogical  interpretation  of  t±e  3.  P “ J identified  in  the  5- 

Previously  unrecognized  absorption  tea^r  , Mariner  6 and  7 data 

5.6pm  wavelength  region  of  Meridiani  of  the  5.2pm 

by  Calvin  and  King  (1990).  Absorption  Mariner  7 spectrum  after 

atmospheric  C02  absorption  are  apparent  in  J absorptions 

complete  reduction,  see  Figure  3 . Lne  d.  , • curate  data  reduction, 

but  a^f^rleuS  Sr^e£Zo^^t  be  ibentifieh  at  this 

time.  ..naoruav  to  determine  plausible 

Laboratory  studies  are  now  features  identified  in  the 

mineralogical  causes  for  the  weak  P that  OH-  or  S-  bearing 

Mariner  spectra.  Preliminary  examination  indicates 
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minerals  may  be  likely 
carbonates  presented  by 
interesting. 


candidates.  In  particular, 
Miyamoto  and  Kato  (1990) 


spectra  of  hydrous 
are  especially 


Figure  1 shows  the  calculated  1mm 
grain  size  C0_  frost  spectrum 
(dotted  line)  and  the  Mariner  7 
spectrum  of  Mars  south  polar 
region  (solid  line).  The  Mariner 
data  has  been  scaled  to  the 
reflectance  level  of  the  frost 
for  comparison.  Comparison  of 
the  2.28,  2.34,  3.0  and  3.3  pm 
absorptions  features  suggests 
that  the  grain  size  of  the 
Mariner  7 spectrum  is  greater 
than  1mm. 


Figure  2 shows  the  Mariner  7 
spectrum  (1.9-3. 6)  after  removal 
of  a model  atmosphere.  The 
spectrum  shows  a strong  2.76pm 
absorption.  This  feature  is 
present  in  all  atmosphere  removed 
spectra  and  is  suggested  in  the 
raw  data.  The  cause  of  the 
absorption  cannot  be  resolved  at 
this  time. 

Figure  3 shows  the  5-5. 6pm 
wavelength  region  of  Mariner  7 
corrected  data  of  Meridiani  Sinus 
(solid  line)  and  a scaled 
spectrum  of  the  Martian 
atmosphere  (dotted  line).  The 
5.1,5.35,  and  5.45  pm  absorptions 
in  the  corrected  Mariner  data  are 
not  believed  to  result  from 
incomplete  or  inaccurate  data 
reduction.  However,  a definitive 
cause  for  these  absorptions 
cannot  be  identified  without 
additional  work. 
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applications  of  gamma-ray  spectroscopy  to  atmospheric  measurements 

Albert  E.  Metzger,  Jet  Propulsion  Moratory, 

and  Eldon  L.  Haines,  Sunrise  Research  In  . , g 

, . A a _,-u(iv  into  the  utilization  of  gamma-ray 
observations^  fronT^orbit  iovf  ^P^’— 

S SLXZZ2  with  respect  to 

Mars . 

The  thin  atmosphere  at  Mars  absorbs  a portion  of  the  f1^ 

emitted  fro.  its  or  more  uJ5  emitted 

fr^^he^same^  s^n^ac^1  element , or  elements  -1-d^y  radioact^e  ecay^may 
be  used  to  characterize  the  mean  thickness  of  the  monotonic 

of  observation.  This  is  illustrated  Expected  at  Mars 

relationship  between  atmospheric  ic  n oairs.  Based  on  an  analytic 

and  the  count  rate  ratio  of  four  ganuna  _ with  w^ich  atmospheric 

model  developed  for  this  stu  y,  ® f assumed  concentrations  of 

thickness  may  be  determined  from  these  pairs  for ^ as sum  the 

0.45  ppm  Th  and  0.12  ppm  U is  shown  i .n  t0£si(ies  ^ and  u, 

F^and'ri'arfalso  usefulTo/this  technique.  Iron  should  provide  the  most 
sensitivity  unless  Th  and  U concentrations  reach  several  ppm  or  grea  er. 

Oxygen  is  not  applicable  to  this  te ^^teria^  VfiE 
constituent  of  the  atmosphere  as  we  fortunately  the  strongest, 

found  however,  that  one  gamma-ray  line  f JYf”' urfece  or  the 

* - -ft 

Z HZ ^^spheric^  constituents  may 

spectroscopy  in  th.  sene  manner  as  surface  cation.  On  the  other  h^, 
given  the  f ofThe ' “corresponding  ga—  ray  line  can  be 

interpreted8  in  terms  of  atmospheric . ^ickn^s.  fce  ^ 

sensitivity  atmospheric  6129  keV  oxygen  line.  The 

measurement  of  the  Doppie  intensity  from  a thick  target  (p)  , 

observed  response  as  a f rac t i f ^ ^ ^ accumulation  are  plotted  vs 

and  the  relative  sens  y second  technique  of  direct  determination  has 

Srbern^foun1/^ applicable  to  atmospheric  carbon  if  carbon  is  absent  from 
the  surface . 

If  a surface  material  of  known  composition  is  thick 
emission  of  a strong  ^ar.cteristic  ^“^“^t.^inable , a third  method  of 

measuring' atmospheric  thickness , ttot  of ^ singlt  line 

r^reme"  . observation  of  the  unbroadened 
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through  the"  fLZ^eZ  ^proportio^^  * ^ "°dulated  * its  P-sage 
will  be  applicable  to  the  cT  or  H O nnl  ^ thickness.  This  method 

oxygen  line  or  the  2223  keV  ll2  T l “P"  °f  Mars  usinS  the  6129  keV 
applicable  to  the  lavered  ttL  t0  hydro6en-  It  should  also  be 

determine  the  general  composition  with tln8  at.high  latitudes  if  the  GRS  can 

the  effect  of' e«»osp^TrmlcSefs' VfSSE  ^TTe^loftT  t ^ 
oxygen  emitted  by  a thick  dust- free  C02  cap.  Plotted  are  the  Un6  °! 
signal  count  rate,  and  the  relative  sensitivity  for  Tl 00  hour  e^>etted 

Figure  5 shows  the  calculated  P ^ ror  a 100  hour  accumulation. 

observed  signal  strength  of  the  2221  t v if  . & raosPheric  thickness  on  the 
- to  be  50% »d sSST  dry  “on  **“ 

this  application,  thl  uncertainty  In  comdosUloll  mherTJr 

measu^red  °se^s1ilfiv^tyt\CT^<^  (c7ts  } will  be  the  dominant  factor  limiting 

by  hemisphere,  and  for  the  entfrf  plait  ZlfL  latitude  bands’ 

determinable  from  atmospheric  thickness  It  lb  ^ a press“re  is  readily 
observe  the  enrichment  of  argon  in  south  t 1 alSf  ^ possible  to 

precipitation  if  such  an  effect  is  occurring  on  a Urge”!^"  “ C°2 

the  ath'lnternational tConference,°on  H^rs.  aPP“r  ^ ““  JGR  SpeCial  I=s“  °" 


Figure  1 
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THE  THERMAL  INERTIA  OF  MARS:  RE-INTERPRETATION  USING  A BETTER  ATMOSPHERIC 
MODEL;  B.  M.  Jakosky  (Laboratory  for  Atmospheric  and  Space  Physics  and  Dept,  of  Geological  Sciences 
University  of  Colorado,  Boulder,  CO  80309)  and  R.  M.  Haberle  (Space  Sciences  Division,  NASA/Ames  Research 
Center,  Moffett  Field,  CA  94035). 

The  thermal  inertia  of  the  uppermost  1-10  cm  of  the  martian  surface  has  been  determined  by  comparing 
measurements  of  the  infrared  brightness  temperature  of  the  surface  at  many  times  of  day  with  temperatures  predicted 
from  a thermal  model.  The  thermal  model  accounts  for  the  energy  balance  at  the  surface,  and  includes  incoming  sun- 
light, emitted  thermal-infrared  energy,  energy  conducted  into  the  subsurface,  and  energy  from  the  atmosphere  to  the 
surface.  This  latter  term  includes  both  infrared  emission  from  the  atmosphere  to  the  ground  and  sensible  heat  due  to 
near-surface  winds,  and  is  usually  smaller  than  the  other  terms.  In  the  thermal  model  developed  by  Kicffer  and  used 
in  previous  determinations  of  thermal  inertia,  a constant  atmospheric  emission  term  is  used  as  a first-order  approxi- 
mation; based  on  the  large  variation  in  surface  properties  expected  and  on  the  large  uncertainties  in  the  values  of  the 
l crmal  inertia,  this  was  a good  approximation  at  that  time.  Using  an  atmospheric  radiative/convcctive  model,  in- 
cluding absorption  and  emission  by  both  CO2  and  airborne  dust,  we  have  calculated  the  magnitude  of  the  energy  ex- 
change between  the  atmosphere  and  the  surface,  and  we  use  this  as  a basis  by  which  to  re-calculate  the  derived  values 
of  surface  thermal  inertia.  Although  the  global  pattern  of  thermal  inertia  probably  will  not  change  significantly,  the 
actual  values  of  thermal  inertia  will  change,  and  the  physical  interpretation  in  terms  of  particle  sizes  will  chance  as 


The  model  includes  a fully  coupled  atmospheric  radiative  transfer  model  and  a surface  and  subsurface  thermal 
conduction  model.  The  atmospheric  model  is  based  on  an  earlier  version  of  the  algorithms  currently  used  in  the 
Ames  Mars  Atmosphere  General  Circulation  Model.  It  includes  absorption  and  scattering  of  incoming  sunlight  by 
CO2  and  by  dust;  absorption,  emission  and  scattering  of  thermal-infrared  energy  by  CO2  and  by  dust;  and  a near-sur- 
face convective  adjustment  when  the  temperature  gradient  exceeds  the  adiabat.  The  energy  exchange  with  the  surface 
includes  radiation  from  the  atmosphere  to  the  surface  as  well  as  sensible  heat  based  on  a parameterization  of  the  near- 
surface  boundary  layer  (this  latter  term  is  generally  very  small).  The  surface  and  subsurface  model  accounts  for  con- 
duction within  the  subsurface,  and  is  similar  to  other  thermal  models  in  the  literature. 

The  basic  difference  between  our  model  and  that  by  Kieffer  is  in  the  magnitude  of  the  atmospheric  radiation 
term.  Even  without  dust,  the  radiation  to  the  surface  is  roughly  twice  what  was  used  in  his  model;  the  effect  of  this 
additional  radiation  is  to  spread  out  the  heating  of  the  surface  to  some  extent  over  all  times  of  day,  and  to  result  in  a 
smaller  dmmal  amplitude  of  the  surface  temperature  variations.  When  interpreted  using  the  Kieffer  model,  then,  a 
ig  cr  thermal  inertia  is  required  to  produce  the  same  surface  temperatures.  Thus,  using  our  model,  the  surface  ther- 
mal inertia  is  lower  than  that  determined  using  Kieffer's  model. 


or  a nominal  dust  opacity  of  0.4,  similar  to  that  observed  at  the  Viking  landing  sites,  surfaces  which  were 
t ought  to  have  a thermal  inertia  of  0.007  cal/cm2-s1/2-K  have  a recalculated  thermal  inertia  of  about  0.005;  simi- 
ar  y,  an  inertia  of  0.003  is  changed  to  0.001.  Because  of  the  relationship  between  particle  size  and  thermal  inertia 
within  a surface,  the  particle  sizes  inferred  for  the  surface  change  as  well.  The  effective  particle  size  of  the  high-iner- 
tia surface  is  changed  from  about  500  pm  to  100-200  pm,  and  that  of  a low-inertia  surface  is  changed  from  about  50 
pm  to  about  5 pm.  For  the  high-inertia  surfaces,  we  caution  that  other  mechanisms  such  as  bonding  into  a duricrust 
may  be  responsible  for  producing  the  observed  thermal  inertia.  The  particle  size  of  the  low-inertia  surfaces  is  now 
more  consistent  with  that  expected  due  to  fallout  of  airborne  dust. 


. By  changing  the  amplitude  of  the  surface  temperature  variations,  our  model  also  explains  a large  fraction  of 

the  so-called  afternoon  cooling"  effect,  wherein  observed  mid-aftemoon  temperatures  are  lower  than  predicted  using 
the  simple  thermal  model.  As  the  Kieffer  model  requires  a higher  thermal  inertia  to  fit  the  amplitude,  it  shifts  the 
noontime  peak  and  afternoon  decline  in  temperatures  to  later  times,  producing  such  an  effect.  Using  the  improved 
atmospheric  model  can  explain  about  two-thirds  of  this  effect;  the  remainder  may  result  from  mixing  of  materials  at 
the  surface,  along  with  other  processes  known  to  occur  on  Mars. 
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DERIVATION  OF  MARS  ^ KIN G° V RT IV^^EMIS^ION^  PHASE 

FUNCTION^ SEQUENCES;  R.T.  C^ncy^fc^0^’  Laborat0ry  f°f  AtmosPhenC  and 
Space  Physics,  University  of  Colorado,  Boulder,  CO  80 

During  the  span  of  the  Viking 

(EPF)  sequences  were  obtained,  in  ^hthelR  ^ whole  is  well  calibrated,  having  been 

as  the  spacecraft  moved  overhead.  Uie  IRTM  data  Vibration  variations;  a conservative 

corrected  for  inter-spacecraft,  inter-detector The  EpF  visual 
estimate  for  the  absolute  uncertainty  inherent  m nm  ) present 

brightness  observations  (passband  of  0 3-3.0  |i  , nect^  atm osphere  above  it  versus  emission 
very  accurately  calibrated  albedos  o g S , observations  were  designed  for  the 

for  .he  de.iva.ion  of  atmosphenc 

dUS'  °fThave  deveioped  a rad.a.ive  transfer  mode,  ^^SSd^^pS 
upon  a discrete-ordinates  radiative  Pansfer  c I l P ? function  of  the  atmosphenc  dust, 
dust  opacity,  the  single  scattering  albedo  (On)  *“*  P approximation  is  adopted  to  adequately 
and  the  surface  bidirectional  reflMtance.  A I^stoot  approxtma^  h ^elric  functi0n  ts 
represent  the  model  dust  and  surface  , pitas e fes  where  the  effects  of 

populations.  In  all  three  cases  tt  is  possible  to  m^el  the  dus^scatte^  scatKri„g  by 

function  labelled  ' IRTM  in  figure  . P , ...  pu  ,^e  viking  lander  observations  of 

non-spherical  particles  was  derived  by ' Mtodk  et  «1  CT  «>  ®nI  between  the  "IRTM" 

dust  scattering,  and  is  presented  by  "he  solid  line  in  figure  1 1.  Jtne • W ^ g>  js  q.55-0.56  rather 

and  Pollack  phase  functions  is  quite  good,  a Henvev-Greenstein  phase  function  with 

than  the  valGe  of  0.79  given  by  Pollack  etal. in  particle  back- 
g=0.79  is  also  included  in  figure  1 to  indicate  the  very  large  targe  ut 

vafues  of  Ae  single  scauering  “WgK  %£S 

aerosol  populations.  At  lowqo-mtd  latit^es  for  r^  comparisons  for  this  case, 

fits  the  EPF  observations.  Figures  2-4  present  *®?“  P\  ; , d are  the  ukely  source  of 

A.  high  latitudes  (70«-80”N)  we  find  %=>-°^d‘^“^ompSsTfor  this  case  and  a best  ft. 
particulate  scattering  Figure  5b  presents  a odljl  ?on  COTOSponds  t0  very  high  dust 

attempt  with  G30=O-88  (figure  5a).  l „ t q q_q  92  to  fit  the  data  with  the  IRTM 

loading  (X  > 2),  in  which  it  ts  over  Hellas  basin  in 

dust  phase  function.  Figures  6a  and  6b  indiwte  moaei  aaw  v ' tivcly- 

which  we  attempt  to  fit  the  EPF  data  with  t3o  • 0 Viking  lander  derived  dust  properties 

The  pnntary  d>“S„aS Jo  «^S2o3w  and  "n  increase  in  G0 during  die  peak 
are  larger  G50  from  the  E^F.  ^upFPF  aS aWsis  (the  Viking  lander  data  indicate  no  such  change,  J. 
of  the  dust  storm  as  found  in  the  EpF  an^ystU  the  distinction  of  looking  from  below  with 
Pollack,  personal  communication).  It  is  possibe  d s differences.  Finer 

S^gth^fohAdhrkSpnqL^^^^^^^^^^  .0  a high-altitude,  fine 

COm  TSe search  was  supported  under  NASA  Planeuuy  Geology  grant  NAGW  1378. 
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SCATTERING  ANGLE  (degrees) 

Fig.  1.  Mars  aerosol  phase  functions. 


PHASE  ANGLE 


Fig.  3.  Observed  (crosses)  phase  function  of  EPF  sequence 
over  U,op,a  PU„,,ia  versus  model  phase  function^ 
and  .6.  Best-fit  to  data  gives  x=.4,  G3q=.88,  g=.55. 
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Fig.  2.  Observed  (crosses)  phase  function  of  EPF  sequence 
over  Cerberus  versus  model  phase  functions  with  x=.l  .2  .4 
and  .6.  Best-fit  to  data  gives  x=,2,  GJq=.88,  g=.55. 
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F'g.  4.  Observed  (crosses)  phase  function  of  EPF  sequence 

?-3  6Cfe7aa"ila  Versus  modcl  Phase  'dnaioH  S 

x-o,.o,.9,  and  1.4.  Best-fit  gives  x=.6,  (00=.88,  g=.55. 


MARS  ATMOSPHERIC  DUST  PROPERTIES:  R.T.  Clancy  and  S.W.  Lee 


VISUAL  BRIGHTNESS  VISUAL  BRIGHTNESS 


PHASE  ANGLE 


Fig.  5a.  Observed  (crosses)  phase  function  of  EPF  sequence 
over  the  North  polar  erg  versus  model  phase  functions  with 
t- 2,  .4 ,.6,  and  .8.  No  fit  is  possible  for  CJo=-88>  8=-55- 


PHASE  ANGLE 

Fig.  6a.  Observed  (crosses)  phase  function  of  EPF  sequence 
over  Hellas  Planitia  versus  model  phase  functions  with 
t=.5,1.0, 2.0,  and  3.0.  No  fit  is  possible  for  CJo=.88,  g=.55. 


PHASE  ANGLE 


Fig.  5b.  Observed  (crosses)  phase  function  of  EPF  sequence 
over  the  North  polar  erg  versus  model  phase  functions  with 
t=  2 4, .6,  and  .8.  Best-fit  to  data  gives  x=.7,  GJ0=1.0,  g=.55. 


PHASE  ANGLE 

Fig.  6b.  Observed  (crosses)  phase  function  of  EPF  sequence 
over  Hellas  Planitia  versus  model  phase  functions  with 
x=.5,1.0,  2.0,  and  3.0.  Best-fit  gives  x=3.0,  G5o=.92,  g=-55. 


MARS  ATMOSPHERIC  DUST  PROPERTIES:  R.T.  Clancy  and  S.W.  Lee 


THE  EFFECTS  OF  ATMOSPHERIC  DUST  ON  OBSERVATIONS  OF  THE 
ALBEDO  OF  MARS;  S.W.  Lee  and  R.T.  Clancy,  Laboratory  for  Atmospheric 
and  Space  Physics,  Univ.  Colorado,  Boulder,  CO  80309 


The  Mariner  9 and  Viking  missions  provided  abundant  evidence  that  aeolian  processes  are 
active  over  much  of  the  surface  of  Mars  [1;  2].  Past  studies  have  demonstrated  that  variations  in 
regional  albedo  and  wind  streak  patterns  are  indicative  of  sediment  transport  through  a region  [3; 
4],  while  thermal  inertia  data  [derived  from  the  Viking  Infrared  Thermal  Mapper  (IRTM)  data  set] 
are  indicative  of  the  degree  of  surface  mantling  by  dust  deposits  [5;  6;  7;  8;  9].  The  visual  and 
thermal  data  are  therefore  diagnostic  of  whether  net  erosion  or  deposition  of  dust-storm  fallout  is 
taking  place  currently  and  whether  such  processes  have  been  active  in  a region  over  the  long  term. 
These  previous  investigations,  however,  have  not  attempted  to  correct  for  the  effects  of 
atmospheric  dust  loading  on  observations  of  the  martian  surface,  so  quantitative  studies  of  current 
sediment  transport  rates  have  included  large  errors  due  to  uncertainty  in  the  magnitude  of  the 
atmospheric  contamination". 

We  have  developed  a radiative  transfer  model  which  allows  the  effects  of  atmospheric  dust 
loading  and  variable  surface  albedo  to  be  investigated  [see  related  abstract,  10].  This  model 
incorporates  atmospheric  dust  opacity,  the  single  scattering  albedo  and  particle  phase  function  of 
atmospheric  dust,  the  bidirectional  reflectance  of  the  surface,  and  variable  lighting  and  viewing 
geometry.  6 

The  Cerberus  albedo  feature  has  been  examined  in  detail  using  this  technique.  Previous 
studies  have  shown  the  Cerberus  region  to  have  a moderately  time-variable  albedo  [4].  IRTM 
observations  obtained  at  ten  different  times  (spanning  one  full  martian  year)  have  been  corrected 
for  the  contribution  of  atmospheric  dust  in  the  following  manner: 

• A "slice"  across  the  IRTM  visual  brightness  observations  was  taken  for  each  time  step. 
Values  within  this  area  were  binned  to  1 0 latitude,  longitude  resolution. 

• The  atmospheric  opacity  (x)  for  each  time  was  estimated  from  [11].  As  the  value  of  x 
strongly  influences  the  radiative  transfer  modelling  results,  spatial  and  temporal 
variability  of  x was  included  to  generate  an  error  estimate. 

• The  radiative  transfer  model  was  applied,  including  dust  and  surface  phase  functions, 
viewing  and  lighting  geometry  of  the  actual  observations,  and  the  range  of  x [ 10]. 

• Offsets  were  applied  to  the  visual  brightness  observations  to  match  the  model  results  at 
each  x (Figure  1). 

• The  "true  surface  albedo"  was  determined  by  applying  the  radiative  transfer  model  to 
the  offset  brightness  values,  assuming  x = 0 and  a fixed  geometry  (0°  incidence,  30° 
emission).  Repetition  of  this  technique  for  each  time  step  allows  values  of  albedo  for 
specific  locations  to  be  tracked  as  a function  of  time  (Figure  2). 

The  initial  results  for  Cerberus  indicate  the  region  darkens  prior  to  the  major  1977  dust 
storms,  consistent  with  erosion  of  dust  from  the  surface  (possibly  contributing  to  the  increasing 
atmospheric  dust  load).  There  is  some  indication  of  regional  brightening  during  the  dust  storms 
followed  by  a general  darkening,  consistent  with  enhanced  dust  deposition  during  the  storms 
followed  by  erosion  of  the  added  dust.  There  is  only  minor  variability  during  the  second  year 
consistent  with  little  regional  dust  transport  during  that  period. 

The  results  of  this  study  indicate  that  atmospheric  dust  loading  has  a significant  effect  on 
observations  of  surface  albedo,  amounting  to  albedo  corrections  of  as  much  as  several  tens  of 
percent.  This  correction  is  not  constant  or  linear,  but  depends  upon  surface  albedo,  viewing  and 
lighting  geometry,  the  dust  and  surface  phase  functions,  and  the  atmospheric  opacity.  It  is  clear 
that  the  quantitative  study  of  surface  albedo,  especially  where  small  variations  in  observed  albedo 
are  important  (such  as  photometric  analyses),  needs  to  account  for  the  effects  of  atmospheric  dust 
loading.  Our  future  work  will  expand  this  study  to  other  regional  albedo  features  on  Mars. 

This  research  was  supported  under  NASA  Planetary  Geology  grant  NAGW  1378. 
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EFFECTS  OF  ATMOSPHERIC  DUST:  S.W.  Lee  and  R.T.  Clancy 


REFERENCES:  [1]  Veverka,  J.,  P.  Thomas  and  4S  p!  J/vS^SsIuTaidA! 

»£«TS5E£3Si^ 

Veyeto  (‘W  W 0986).  Regional  sources  and  sinks  of  dust  on  Mats:  Viking 

J.Geophys.  Res.  87.  10025-10W2.  1*1  (abstract)  In  Symposium  on  Mors:  Evolution  of  its 

^^^^"^Geopiiys^Ees^^^^S-W^^^Clmsrcnrcn^RRj  ^986).  ^Re^on^^t  depos^its^ni  Martc 
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distribution  of  rocks  on  Mass.  Icarus  68,  217  3 . M 1^/1990)  Derivation  of  Mars  atmospheric  dust 
manian  fines.  Icarus66. 117-124.  [101  sequences.  Repons  of 

P/unetipy  Ge^o^MdGeophys^cs Program,  tiiis  volume.  [11)  Mania.  T2Z.  (1986).  Thennal  infrared  opactty  of 
the  Mars  atmosphere.  Icarus  66, 2-21. 


Ficure  1:  Results  of  the  radiative  transfer  modelling  for  an  albedo  slice  across  Cerberus  (latitude  13°  - 14°)  at  Ls 
124°  Crosses  indicate  the  actual  observations,  and  lines  denote  the  model  results  for  three  different  opacities. 
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EFFECTS  OF  ATMOSPHERIC  DUST:  S.W.  Lee  and  R.T.  Clancy 


ngure  2a:  Temporal  behavior  of  a dark  area  in  Cerberus.  "True  surface  albedos"  are  denoted  by  asterisks-  ermr 
bars  indicate  uncertainty  in  t.  Uncorrected  albedos  are  denoted  by  dots.  Y mks’  erTOr 


Figure  2b:  Temporal  behavior  of  a bright  area  in  Cerberus.  "True  surface  alhed™"  a-  , ^ . 

eiror  bars  indicate  uncertainty  in  x.  Unconected  albedos  are  denoted  by  d<Hf  * aS‘Cnsks; 
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The  light  scattering  Ptoperties^  i«e^ilar  ^titles 

that  are  large  compared  . remote  sensing  observations 

interest  to  persons  who  i^ejpre^re^ote  sensing  ^ 

of  planetary  regoliths.  P artificial  particles 

investigate  these  Pthe  ^tlnsity  and  linear  polarization  of 
were  prepared,  and  the  int  * function  of  phase 

the  light  scattered  by  ^ described  by  Mie 

angle.  Scatter 1 ng  ^V1  b P the  following:  a weakly 

theory,  and  is  characteriz  * lobe  due  to  refracted 

negatively  polarized,  strong  ^article;  a weakly 

light  transmitted  the  Particle, 

negatively  polarized,  through  the  particle;  a 

reflected  light  transmitted  twice  througn_  c£mponent  at 

strongly  positively  polanz  , externally  specularly 

intermediate  phase  angles  duetto  ll^exte  ^ Y ^ ? f 

reflected  from  the  surf  > P , or  ff  the  surface  is 

the  particle  shape  is  mad®  1 , ^ _ are  eliminated,  but  the 

roughened,  the  c^°^b°^hSe  scattering  is  otherwise  similar  to 
general  character  of  the  9 intensity  of  the  forward 

that  of  a sphere  “fP^^f^i^^Siate  directions 
lobe  is  decreased  and,^a“er^er"al  scatterers  (such  as 

somewhat  enhanced.  Adding  inter  agglomerates) 

cracks,  voids,  inclusions,  9jain  boundaries  or  agg  e 

weakens  the  forward  lobe  and  densit  o£ 

more  backscattenng.  However,  an  exrre  y y forward  lobe 
internal  scatterers  is  required  to  eliminate  the  t or 

completely.  A clear  Particle  even^if  £tt-ring  9lobe. 
irregular,  will  always  h the  single  scattering 

decrea^s^the^back  lobe  much  more  than  the  forward 

lobe . 
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What’s  Wrong  with  Photoclinometry? 


David  G.  Jankowski  and  Steven  W.  Squyres 
Center  for  Radiophysics  and  Space  Research 
Cornel]  University,  Ithaca,  NY  14853 

from  Ph0t0di"°m^'  -V  other  data,  he  preset 

Photochnometrically- determined  slopes  can  contain  errors  from  the  following  sources: 

‘ «3rom  pixlT  toep?xir  ^ 1 S°Ur“  °f  er‘°r  beCallSe  il  Pr0<i“CeS  Spurioos  inte»Bit-V  fluctua- 

‘ Se^SdigltiZa,i°n  °f  briellt”eS5  leVe'S  al‘  Spa“"afl  ima8“  “ inherent 

Background.  An  incorrect  dark  current  will  introduce  systematic  errors. 

' s?„TceXr;iorUnCti0''  UnCer,ai",ies:  A"  “ !”>P«>Per  photometric  function  can  be  a serious 

• Albedo  errors:  The  surface  albedo  can  be  a source  of  error  both  due  to  uncertainties  in  the 
ean  regional  albedo  (often  assumed  constant)  and  due  to  local  albedo  variations. 

“p « dOT" a11  sl°-  » °'™ 

g^me^ry^ncert^nti^a^md^^^/a^ecenthhpace^^t^ie^for^he'rr^  VjeWP1^  an^  ''Shfttg 

compared  to  other  errors.  spacecraft  am  for  the  most  part  ms.gn.ficant 


on  the  phcSS.eS  °f  °“h  °f 

With  the  Stosses5  fl*  Galil?°  “mera  are  ind"d<!d'“a  comparison 
Canymede  Sis  *'»  — * 

angles  d“e  ‘°  ‘he  ^ SOUra*  hare  b«»  calculated  for  phase 

awty  from  the  °J10»  ( „ P n glSS  ’%  **”,'**’  ‘°°  «4* 

car  i ss* - b?  - ^c«sr  is  ptzsSnt 
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albedo  variations,  atmospheric  variations,  noise,  and  digitization  are  all  enhanced  near  the  snbsolar 
P°"’t'  The  noise  levels  characteristic  of  the  Viking  and  Voyager 

MXSSKfc  T~z  s=2  - 4*~h - 

and  incorrect  dark  currents  are  negligible  compared  to  no.se  errors. 

The  martian  atmosphere  clearly  can  not  be  ignored  estimated  fairly 

with  the  help  of  resolved  shadows  (5),  the  con  " “ (t  be  estimated  with  less  than 

well  in  many  Viking  images.  The  atmospheric  contnbut  ol“”ch  ,ess  than  5%.  The  errors 

10%  error.  Fluctuations  within  a given  image  are  small,  y 

t sSr-Sss- — ^ ^ ^ _ 

Errors  due  to  misalignment  can  be  s«n,fica"t  ‘Oj|' , th e "unar-like^unction,  and 
10".  The  errors  tend  to  be  larger  for  the  M.nnaert  unc  on  tafor  paralle,  to  Unes  of 

they  tend  to  be  smaller  for  lower  rotation  ang  es  (.  ction  scanlines  pointing  away  from 

-^m  «metrij  equator  at  a given  angle  than 

when  pointing  towards  the  equator  at  the  same  ang  e.  . sun 

Slope  errors  are  usually  larger  for  sun-facing  slopes  than  for  facing  away 

A-  parameter  and  with  scauline 

misallignment  both  increase  significantly  with  increasing  s ope. 

nometryrab^reo"^” ^ ^ 
in  smaller  adequate  surface  areas  and  larger  geometric  foreshor  g. 
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INFRARED  REFLECTANCE  SPECTRA  OF  PLAGIOCLASE  FELDSPARS 

P?“81^  B:  ]Nash'  San  Juan  Institute,  San  Juan  Capistrano,  CA  92675 
John  W.  Salisbury,  Johns  Hopkins  University,  Baltimore,  MD  21218 

powder  11  ^ZmlTlLf  "T"'0'  ?r°per,i“  °f  few*®.  in 

sodium  end-member  albite  to  calcium  end™  P,aSCS*  1 covers  the  solid-solution  series  from 

laboratory  aria*  m.  l£SS  SSSTJZX.  ^*1'™,  S *1 

sls,.—4-  - r 

covering^TZZf  5 25  "ami  ,7"'  interferometer  (FTIR)  spectrometer 

sample  reneZcf  tllhm  of  a rZ  °”  ' f”  (1>'  S P“»  « obtained  by  redoing  the 
plagioclase  (Table  1,  were  prepared  by  SLtgT ^a^partfcZZeyoTm^e ‘io  d 'T”'5  °f 

wnr- x r;zrr c^r*  **  “ 

H v-uomeier.  Aliquots  of  powdered  crystalline  p ag  oclase  were  auick-fuspd  n ^ 

=”  r- i-™r:s,-  Ssrzi 

=rl»~ S =;r"r: « “ sr= 

following  features  in  L 5 to  15  pm  range-  ^ “*  characterized  *>y  the 

sri.  5 " ='  — 

r marztm-jzu 

Christiansen  Frequency  (CF)  whST^  m,mmum  (e”lsslon  maximum)  is  identified  as  the 
rt  ^ ; . which  in  spectra  of  silicate  powders  has  been  shown  to  havp 

result  agnostic  implications  for  remote  sensing  identification  purposes  [3]  [4]  [5]  f6]  The 

results  presented  here  document  that  the  wavelength  position  of  the  CF  in  L ' 
compositionally  dependent  and  can  be  used  to  identify  pi  “odase  if  term!  f T ‘f 

concentration,  as  suggested  by  the  pioneering  work  of  Conel  HI  141  LIT  Ca 

silicate  powder  films.  8 PL  [4L  Wlth  transmission  spectra  of 

persistem  b^rgaTarfrumfe3  plateau  from  8‘3  t0  12-°  Hm;  this  includes  a 

9.1,  9.7  and  10  um  in  *h  ik-  P ™ m8  stretcI“ng  vibration  bands  (reflectance  peaks)  at  8.7, 

related  'to  ni  • C aJblte  sPectrum;  the  intensity  and  contrast  in  these  features  are  clearly 

gliss  phase  8Si“P0Sltl0n  3nd  416  mUCh  m°re  Pronounced  for  the  crystalline  than  for  the 
of  Restrahlen  hand  h SCemS  l°  be  related  t0  a systematic  variation  in  the  relative  strength 
of  feveTLd^entaT  t pCak*  which  ^ f-m  variation  in  sSngth 

bonds)  in  the  silicate  latticf ^ raU°nS  (aSymmetriC  stretch  modes  Evolving  Si-0  and  A 1-0 

albite  hfs'beff  2*  8‘3'h12  ^ PlatMU  regi°n>  ShOWn  here  most  clearly  in  case  of 

s±  Sis? Msrz  & s 

iZJ^ZS,W6^'b“  U‘e  dMb'l.'>eak  in  albi“  ■*  9.7-10  pm  become,  l 
and  finely  particulate  regofith  like  However,  we  now  know  that  a highly  porous 

band  features  and  it  iffn!  ^ L T°°n  m,nim,zes  ^ diagnostic  importance  of  these 

al.«Jl,7£y“o  compoSoo  r“S°n  ' ' ChriS,i”“n  h“  st“died  - » 
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IR  REFLECTANCE  SPECTRA  OF  PLAGIOCLASE:  Nash,  D.B.  and  Salisbury,  J.W. 

in  conclusion,  ihese  .,0  ccsuUs  show  for  .he  ta. . U-  in  ^ 'SjSl 

plagioclase  feldspars  that  (1)  the  wavelength  position  of  the  * q . 'Q  lo°s  of 

ss  i^mft  sssr ^rr^:  s 

[11  Nash,  D.B.  Appl.  Op.ics  25.  2427-2433.  19.6.  121  Nash  D.B  J.E. 
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Lyon  RJ.P.  Stanford  Research  Instito.e  Report.  Project  No.  PSU-3943.  13,  PP  • J 
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Table  1.  Sample  characterization: 


Albite 

Oligoclase 

Oligoclase 

Labradorite 

Labradorite 

Bytownite 

Anorthite 


Amelia  County,  Virginia 
Bancroft,  Ontario 
Mitchell  County,  N.C. 

San  Gabriel  Mts.,  Calif. 
Nain,  Labrador 
Crystal  Bay,  Minn. 

Grass  Valley,  Calif. 


(1)  Molecular  % anorthite;  from 
glass-bead  refractive  index 
determination  technique. 

(2)  Weight  % Si02;  from  wet  chemical 
analysis  by  A.G.  Loomis. 

(3)  Wavelength  of  reflectance 
minimum  (emission  max)  for  powder 
in  air  at  25  °C  . 


Figure  1.  Reflectance  spectra  of 

powdered  plagioclase  (crystalline  in 
top  panel,  glass  in  bottom  panel), 
relative  to  gold-coated  sandpaper. 

Except  for  bottom  spectrum  in  each 
panel,  baseline  for  each  spectrum  is 
offset  vertically  5 % from  its  neighbor 
for  clarity.  Vertical  dashed  lines  are 

for  arbritrary  reference  only. 
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AN  INFRARED  REFLECTANCE  STUDY  OF  LOW  ALBEDO 
SURFACE  CONSTITUENTS 
Larry  A.  Lebofsky,  Lunar  and  Planetary  Laboratory, 

University  of  Arizona,  Tucson,  Arizona,  85721 

Unaltered  asteroids  are  thought  to  represent  the  raw  materials  available  for  ter- 
restrial planet  formation  and  so  are  important  to  our  understanding  of  the  origin 
and  evolution  of  the  Solar  System.  Compositional  variation  in  the  asteroid  belt  has 
long  been  interpreted  as  primordial,  with  asteroids  becoming  more  volatile-rich  with 
distance  from  the  sun.  Gradie  and  Tedesco  (1982)  showed  that  the  asteroid  compo- 
sitional types  varied  systematically  with  heliocentric  distance  and  inferred  that  the 
asteroids  probably  formed  very  close  to  their  present  locations  in  the  asteroid  belt. 

rom  their  inferred  composition,  Gradie  and  Tedesco  also  concluded  that  the  outer 
belt  and  Trojan  asteroids  were  probably  more  “primitive”  than  the  C-class  asteroids 
which  dominate  the  main  belt.  This  interpretation  was  consistent  with  the  earlier 
laboratory  study  of  asteroid  analogs  by  Gradie  and  Veverka  (1980),  who  concluded 
that  the  low  albedo  D-class  asteroids  were  probably  “ultraprimitive”  in  composition, 
i.e.,  composed  largely  of  hydrated  silicates  and  organic  material.  However,  recent  ob- 
servations (Jones  1988,  Jones  et  al.  1990,  and  Lebofsky  et  al.  1989,  1990)  suggest  that 
much  of  the  surface  mineralogy  seems  to  be  due  to  alteration  events  subsequent  to 
formation  rather  than  primordial  composition.  The  distribution  of  water  is  the  key 
to  understanding  the  volatile  content  of  the  asteroid  belt  and  controls  much  of  the 
later  alteration. 

Observational  testing  of  this  idea  relies  on  the  exploitation  of  the  3-/mi  absorption 
feature  m hydrated  silicates— the  only  diagnostic  spectral  band  evident  in  the  dark 
volatile-rich  Cl  and  CM  meteorites  (Lebofsky  1978).  The  existence  of  the  band  ha^ 
demonstrated  the  presence  of  hydrated  silicates  on  asteroids  (Lebofsky  et  al.  1981 
1989,  1990;  Jones  1988;  Jones  et  al.  1989).  An  example  of  this  feature  is  shown  in 
the  spectrum  of  the  Cl  meteorite  Orgueil.  The  feature  is  characterized  by  a sharp 
reflectance  drop  at  2.7  /im,  due  to  structural  OH,  and  by  an  absorption  due  to  H20 
that  decreases  slowly  out  to  about  3.5  /im.  A weak  feature  at  around  3.4  /an  is  due 
to  organics.  In  our  earlier  work  (Feierberg  et  al.  1985)  we  presented  spectrophoto- 
metnc  observations  of  14  main-belt  C-class  asteroids.  We  found  that  9 of  them  had 
a spectral  signature  in  the  3-/rm  spectral  region  indicative  of  the  presence  of  water 
h^atlon'  In  that  PaPer  we  found  a positive  correlation  between  the  strength  of 
the  UV  absorption  feature  shortward  of  0.4  /im  and  the  depth  of  the  3-/im  water  of 
hydration  feature.  Among  those  asteroids  observed,  however,  there  appeared  to  be  no 
correlation  between  a hydrated  composition  and  solar  distance. 

In  our  present  observational  program  we  are  expanding  our  observations  to  include 
other  low-albedo  classes  of  asteroids,  asteroids  that  range  primarily  from  the  middle 
and  outer  asteroid  belt  (>2.5  AU)  to  the  Trojan  region  at  5.2  AU.  Our  prelimary 
results  indicate  that  the  outer  belt  and  Trojan  asteroids  do  not  show  features  diag- 
nostic of  hydrated  silicates  and  we  conclude  that  these  asteroids  have  not  undergone 
the  alteration  processes  that  made  the  C-class  asteroids.  We  do,  however  see  some 
features  at  low  signal-to-noise  that  require  further  telescopic  observations  to  verify 
and  laboratory  studies  to  identify  (Fig.  1-4). 

Before  the  start  of  our  program  very  little  high-resolution  reflectance  data  existed 
on  meteorites  and  asteroid  analogs  in  the  3-//m  spectral  region.  We  now  have  a large 
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dataset  of  laboratory  spectra  for  compari^n  wither  ^^U^ffo^weho^ 

LT^a^ 

materials  and  source  regions  for 

terrestrial  planet  formation.  ffrouDS  conducting  laboratory  studies 

At  the  present  time,  we  are  one  of  the  fe^.  £ro^Ps«)^ectraf  -n  Also>  with 

of  meteorites  and  asteroid  analogs  in  e able  tQ  stu<jy  these  materials  at 

our  new  cold  chamber,  we  will  be  tje  only  group  abteto  stu  ^ .q  ^ 

low  temperatures,  carrying^ut  a systematic  study  of  low-albedo 

“Ss  to  determine  £ Sftf 

what  other  features  may  be  °*f^le  th^eregab, ' toshow  conclusively  that  the 
in  the  2.7-  to  2.9-pm  spectral  regi  , , silicates  (clays)  rather  than  hydrated 

absorption  feature  on  of  asteroid  analogs,  especially  organic- 

SfSsM  :LZVL  at 

sasasSW  asar-tisn.-u-  — « be,t. 
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Fig.  U 


^IG‘  1-  Spectra  (scaled  to  1.0  at  2.2  /im)  of  the  G-  and  C-class  asteroids  observed  in 
this  program. 

Fig.  2.  T-  and  T-class  asteroids  observed  in  this  program.  The  ‘1’  asteroids  are  ac- 
tually not  a class,  but  refer  to  low  albedo  asteroids  that  did  not  fit  into  the 
taxonomic  classes  as  defined  by  Tedesco  et  al.  (1989). 

Fig.  3.  F-  and  P- class  asteroids  observed  in  this  program. 

Fig.  4.  D-class  asteroids  observed  in  this  program. 


ANALYSIS  OF  POORLY  CRYSTALLINE  CLAY  MINERALOGY:  NEAR 
iVFDARFTl  SPFCTROMETRY  VERSUS  X-RAY  DIFFRACTION 

WinCim  H.  Farrand  and  Robert  B.  Singer,  Planetary  Image  Research  Laboratory, 

University  of  Arizona,  Tucson,  AZ  85721 

Clay  minerals  are  arguably  the  most  abundant  Lat 

mmmmm 

mmmm 

conditions,  information  which  we  very  much  wish  to  decipher  , n on„0ing 

The  data  for  the  comparison  of  techniques  presented  here  c rovo,canism 

study  of  basaltic  hydrovolcanism  on  Earth,  with  applications  to  M -■  Y ‘ ( ’ 

the  explosive  interaction  of  magma  with  surface  or  near  surface  water^ PI-  ™monly 

from  each  area  were  analyzed  in  the  0.3  to  2.7-Mm  wavelength  range  at  RELAB  3]-  Most 

of  the  highly  palagonitized  tuff  cone  sample  spectra  e’in 

typical  Pavant  Butte  palagonite  tuff  spectrum  is  shown  m Figure  L I he  Z.3  feature 

IhfpSe'rfAl-OHb^  min,Z'f 

A^ypicaUuff  spectrum  frZ  the  Zurti  Sal.  Lake  tuff  ring  is  also  shown  m .Figure t 1: .No e 
that, independent  of  the  difference  in  cation  between  these  two  samples,  the  more  hea  y 
altered  (palagonitized)  tuff  cone  material  has  a much  deeper  band 

obscured  ^^"^“v'apor^ ^and7or'  o.heTgases  in  most  remote  sensing  studies 
r™Seml?  S“ 2 2-  and  2.3-um  features  take  on  a practical  significance  belied  by  the 

*pth.  Details  in  these  relatively  weak  features  have  also  proven 

to  be  s°were  perfo^rned  on  our  samples  that  showed  the  strongesj  2.2-  and 

2 3 urn  feSures Y XRD  Analyses  of  the  initial  bulk  samples  produced  no  peak 
characteristic  of  Al-bearing  clay  minerals.  However,  the  Pavant  Butte  samples  did  giv  < 
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smectite  and/or  mixed  layer  smectite-illite.  ' IS  1S  lnIerPreled  ,ls  evidence  ot  a 

the  NIR  spectruTofffime  samSe ^ siotfno^^ffr  °^y,  "™C'|S  'Pereas 
sample  had  a low  reflectance  nnrl  the  Hr-v  rtf  ♦ ie  or  2.3-fim  band.  That  particular 
opaque  mineral!  ^1”,“  ’?  a,lrihu,ed  10  Asking  hy 

more  attention  needs  to  be  pafcl  Eues  such  as  the  role  Z!^  maIUre  ‘“'"’h™.  and 

masking  diagnostic  absorption  features.  Nevertheless  reflectance  snesan'm,  Piiay  !1 
continue  to  receive  serious  considemtinn  r^i  f i u 1 1 spectometry  should 

situ  instrumentation  St“;<™  ^ for  USe’  but  tm  Possiblc  - 


§S?i"rr: 

Modem  Geology,  1,  283-30(^5]  Starkey, 'h.C  etll.^fw^  JW' 


Figure  1.  Near  infrared  reflectance  of 
palagonitized  basaltic  tuffs 
from  Ubehebe  Crater  and 
Pavant  Butte.  Arrows 
indicate  the  presence  of 
2.2  and  2.3  ytun  absorption 
features. 
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THERMAL  INFRARED  SPECTROSCOPIC  REMOTE  SENSING 

John  W.  Salisbury,  Department  of  Earth  and  Planetary  Sciences, 

Johns  Hopkins  University,  Baltimore,  MD  21218 

Considerable  progress  has  been  made  during  the  past  six 
months  in  four  different  areas  of  thermal  infrared  spectroscopic 
remote  sensing. 

Extraction  of  Compositional  Information — From — Remotely. 
Sensed  Data.  Real  world,  as  opposed  to  laboratory,  remote  sensing 

data  always  pose  problems  in  the  extraction  of  compositional 
information.  One  of  the  classic  problems  is  caused  by  fine  particle 
size,  which  greatly  reduces  the  spectral  contrast  in  the  fundamental 
molecular  vibration  (reststrahlen)  bands.  The  lunar  surface  offers  a 

prime  example  of  this  effect  and  lunar  thermal  infrared 
spectroscopic  data  have  been  the  subject  of  confusion  and 
controversy  as  a result.  A group  of  scientists  interested  in  this 

problem  gathered  at  the  San  Juan  Capistrano  Research  Institute  at 
the  urging  of  Doug  Nash  and  reviewed  spectral  data  from  telescopic 
observations  of  the  moon  and  laboratory  measurements  of  returned 
lunar  samples.  The  conclusion  of  this  group  (Nash  et  al„  1990)  was 
that  diagnostic  compositional  information  exists  in  lunar  emittance 
in  the  form  of:  overtone  and  combination  tone  bands  in  the  4 to  7 pm 
region  of  volume  scattering;  a Christiansen  frequency  feature 
associated  with  a minimum  in  scattering  in  the  7 to  8 pm  region, 
and  probably  residual  reststrahlen  bands  due  to  surface  scattering  in 
the  8 to  12  pm  region.  As  a result,  they  recommended  that  a 
thermal  infrared  spectrometer  be  included  in  the  payload  of  any  new 

lunar  orbiter.  . 

Another  classic  problem  results  from  the  tact  that  emittance 
is  a function  of  both  temperature  and  emissivity,  and  one  must  be 
known  to  determine  the  other.  Thus,  the  problem  in  compositional 
remote  sensing  is  to  establish  the  temperature  of  the  emitting 
surface.  There  are  a number  of  approaches  to  estimating 
temperature,  and  each  involves  different  assumptions.  To  document 
these  different  approaches  and  the  positive  and  negative  aspects  of 
each,  the  author  gathered  another  group  of  scientists  at  the  U.  S. 
Geological  Survey  laboratory  in  Golden,  CO.  A report  summarizing 
the  results  of  this  meeting  is  in  preparation  and  will  be  the  lead 
article  in  a special  issue  of  Remote  Sensing  of  Environment  devoted 
primarily  to  thermal  infrared  remote  sensing. 
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First  Use  of  New  Portable  Field  Spectrometer.  A new,  high- 
resolution  field  spectrometer  funded  by  another  agency  has  also 
begun  to  help  strengthen  the  link  between  laboratory  and  real  world 

remote  sensing  measurements.  Use  of  this  new  instrument  has 
illustrated  how  to  overcome  a third  problem  in  some  infrared 
measurements,  which  is  the  role  of  reflected  downwelling  radiance. 
When  an  atmosphere  is  present,  its  infrared  emission  is  reflected 
from  the  surface  of  the  target  material  and  this  reflected  radiation 
is  added  to  the  emitted  radiation.  The  result  is  reduced  spectral 

contrast  and  the  superimposition  of  atmospheric  emission  line 
structure  on  the  spectral  signature  of  the  target.  To  remove  this 

effect,  we  have  used  a diffuse  gold  surface  surface  to  measure  the 
downwelling  radiance  directly  (Salisbury,  1990),  but  the 
downwelling  radiance  could  also  be  calculated  if  the  profile  of 
atmospheric  composition  and  temperature  were  known  or  could  be 
accurately  estimated.  One  other  result  of  these  field  measurements 
has  been  to  confirm  the  accuracy  of  our  directional  hemispherical 

reflectance  in  predicting  emissivity.  Removal  of  downwelling 
radiance  effects  yields  emissivity  values  within  1%  of  those 
calculated  from  laboratory  reflectance  measurements  using 
Kirchhoffs  Law  (Salisbury,  1990). 

New  Spectral  Data  On  Minerals  and  Mineral  Mixtures.  Work  on 
mixing  models  in  cooperation  with  Janice  Gardiner  at  Dartmouth  has 
shown  that  the  reststrahlen  bands  of  minerals  in  solid  rocks  and  in 
intimate  particulate  mixtures  down  to  sand  size  are  linearly 

additive,  because  this  region  of  the  spectrum  is  dominated  by 
surface  scattering  (Gardiner  and  Salisbury,  1989).  This  linear 
mixing  model  is  much  simpler  than  the  highly  non-linear  model  in 
the  visible/near-infrared  made  necessary  by  volume  scattering.  As 
particle  size  decreases,  some  volume  scattering  occurs,  even  in  the 
reststrahlen  region,  and  experiments  continue  to  see  how  well  the 
linear  model  applies  at  fine  particle  size. 

Another  interesting  research  result  was  obtained  in 
cooperation  with  Doug  Nash.  Plagioclase  feldspars  of  different 
Na/Ca  contents  can  be  distinguished  in  thermal  infrared  spectra  of 
fine  particulates  by  means  of  the  wavelength  position  of  the 

Christiansen  frequency  feature.  Interestingly,  glassification  of 
these  materials  does  not  change  the  wavelength  of  this  feature, 

despite  the  well-known  loss  of  all  fine  structure  in  the  reststrahlen 
bands,  suggesting  that  one  of  the  more  significant  effects  of  impact 
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metamorphism  may  not  affect  use  of  this  spectral  feature  in  remote 

sensing  (Nash  and  Salisbury,  1990). 

Spectral  Libraries.  The  Second  Edition  of  the  mineral  library 

is  waiting  on  some  difficult  chemical  analyses,  but  should  be  issued 
soon.  Those  researchers  interested  in  the  infrared  spectrum  of  a 
particular  mineral  can  obtain  advance  hard  copy  or  digital  data  if 

desired. 

A library  of  stony  meteorite  spectra  is  currently  in 

preparation,  along  with  an  interpretative  scientific  paper.  One  of 
the  more  interesting  results  of  this  work  is  that  almost  40%  of  the 
61  meteorite  samples  examined  are  significantly  contaminated  with 
hydrocarbons,  sometimes  to  the  great  surprise  of  the  museum 
curator. 

Spectral  libraries  of  metamorphic  and  sedimentary  rocks  are 
under  development.  Suites  of  rocks  have  been  assembled,  polished 
sections  obtained  and  spectra  run  for  most  samples.  Proper 
characterization,  as  usual,  will  take  the  most  time. 
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OXIDIZED  PYROXENES:  THEIR  VISIBLE  - NEAR  INFRARED  REFLECTANCE 
SPECTRA  AND  IMPLICATIONS  TO  REMOTE-SENSING  OF  MARS 
D'Arcy  W.  Straub  and  Roger  G.  Burns 

Department  of  Earth,  Atmospheric  and  Planetary  Sciences, 

Massachusetts  Institute  of  Technology,  Cambridge  MA  02139. 


Introduction.  Pyroxenes  are  usually  the  most  common  and  abundant  ferromagnesian  silicate 
mineral  occurring  in  primary  igneous  rocks  on  the  surface  of  terrestrial  planets.  As  such, 
pyroxenes  contribute  significantly  to  remote-sensed  reflectance  spectra  of  planetary  surfaces, 
particularly  in  the  "1  micron"  and  "2  micron"  regions  where  crystal  field  (CF)  transitions  in  Fe2+ 
ions  form  the  basis  for  identifying  pyroxene  compositions  and  structures.  During  extrusion  of 
basaltic  magma  onto  planetary  surfaces,  however,  Fe2+  ions  in  the  pyroxenes  are  vulnerable  to 
oxidation.  The  ferric  iron  may  remain  as  Fe3+  ions  in  the  pyroxene  structure  or  form  a veneer  of 

ferric  oxides.  Either  state  of  feme  iron  could  obscure  the  diagnostic  pyroxene  Fe2+  spectral 
features. 

To  assess  the  effects  of  aerial  oxidation  on  pyroxene  reflectance  spectra,  visible  - near  infrared 
spectral  measurements  were  made  on  a suite  of  well  characterized  pyroxenes  that  are  representative 
of  different  structure-types  and  compositions.  Correlations  were  made  with  Mossbauer  spectra 
obtained  at  room  temperature  and  at  4.2K  to  enable  the  Fe3+-bearing  phases  to  be  identified. 

Origins  of  Pyroxene  Spectral  Features.  In  the  pyroxene  crystal  structure,  cations 
occur  in  two  crystallographic  positions  designated  as  the  Ml  and  M2  sites.  The  pyroxene  Ml  site 
is  only  slightly  distorted  from  octahedral  symmetry,  and  cations  in  this  position  are  located  near  the 
center  of  symmetry  of  the  site.  Chains  of  edge-sharing  Ml  octahedra  zig-zag  along  the  c axis,  and 
relatively  short  Ml-Ml  interatomic  distances  permit  Fe2+->  Fe3+  intervalence  charge  transfer 
(IVCT)  transitions  to  occur.  The  pyroxene  M2  site,  on  the  other  hand,  is  a very  distorted,  non- 
centrosymmetric  coordination  polyhedron,  which  causes  the  Fe2+/M2  site  crystal  field  (CF)  bands 
to  be  considerably  more  intense  than  the  Fe2+/Ml  site  CF  bands.  Such  intensification  of  Fe2+/M2 
site  spectra  are  illustrated  for  unoxidized  pyroxenes  in  Figure  1.  In  basaltic  orthopyroxenes  and 
also  pigeonites,  Fe2+  ions  are  strongly  enriched  in  the  M2  sites  and  are  responsible  for  the  two 
intense  CF  bands  centered  around  0.9  and  1.8  microns  (Figure  la).  In  calcic  clinopyroxenes,  Fe2+ 
ions  occupy  only  the  Ml  sites  when  Ca2+  ions  fill  the  M2  sites  so  that  the  two  bands  centered 
around  0.9  and  1.15  microns  in  the  spectra  of  stoichiometric  hedenbergites  (Figure  Id)  originate 
from  Fe  +/M1  site  CF  transitions  alone.  In  non- stoichiometric  calcic  clinopyroxenes,  Fe2+  ions 
occupy  M2  sites  vacated  by  Ca2+  ions.  The  spectra  of  sub-calcic  hedenbergites  (Figure  lc) 
indicate  that  the  Fe2+/M2  site  CF  bands  occurring  near  1.0  and  2.3  microns  are  more  intense  than 

the  Fe  +/M1  site  CF  bands  at  0.9  and  1.15  microns  even  though  Fe2+  ions  are  concentrated  in  the 
Ml  sites. 

The  presence  of  ferric  iron  in  pyroxenes  raises  the  possibility  of  additional  spectral  features 
originating  from  Fe3+/M  1 site  CF  transitions  (which  yield  weak  spin-forbidden  bands)  and  from 

+ Fe  + IVCT.  Such  Fe2+  ->  Fe3+  IVCT  bands  occur  near  0.8  microns  in  the  spectra  of  the 
sub-calcic  augite  and  hedenbergite  shown  in  figures  lb  and  lc. 

Spectra  of  Oxidized  Orthopyroxenes.  Reflectance  spectra  of  an  orthopyroxene, 
(Feo.29Mgo.7oCao.oi)Si03,  which  was  heated  in  air  at  600°C  for  different  time  periods  are 
lllusmated  in  Figure  la.  The  spectra  show  that  the  depths  of  the  0.9  and  1.8  micron  bands  are 
considerably  reduced  by  the  oxidation  of  Fe2+  to  Fe3+  ions.  The  increased  absorption  between  0.4 
and  0.9  microns  may  originate  from:  (1)  Fe3+  CF  transitions  within  ferric  iron  remaining  in  the 
pyroxene  structure  after  oxidation  of  ferrous  iron;  (2)  a ferric  oxide  (e.g.  hematite)  formed  by 
decomposition  of  the  pyroxene;  or  (3)  a Fe2+  -»  Fe3+  IVCT  transition. 

The  Mossbauer  spectra  shown  in  Figure  2 indicate  that  nanophase  hematite  (superparamagnetic 
at  room  temperature)  is  the  predominant  ferric  bearing  phase. 

Spectra  of  Oxidized  Hedenbergites.  The  spectra  of  a Mn  hedenbergite, 
(Cao.99Mno.2oFeo.8oMgo.oi)Si206,  heated  in  air  at  500°C  are  shown  in  Figure  Id.  In  this 
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Figure  1 . Reflectance  spectra  of  pyroxenes  before  and  after  aerial  oxidation,  (a)  orthopyroxene, 
(b)  augite;  (c)  hedenbergite;  and  (d)  Mn  hedenbergite. 

hedenbergite,  Ca*  and  Mn*  ions  completely  fill  the : ^^s0^om  thfl taUd  depthfof "the 
1 OS  and  2.30  microns  appear  in  the  spectra.  With  mcreas  pe3+  IVCT  band 

Fe2+/Ml  site  bands  at  0.95  and  1.15 moons ibecome d^j^a  at  4 2K  (FigUre  3),  in  which 

magnetic ordering^  the^i*!  “ Js  appears,  show  the  presence  of  only  minor  amounts  of 

ferric  oxide  in  the  oxidized  hedenbergites.  Fe2+  _>  Fe3+  IVCT  bands  become 

When  hedenbergite  is  strongly  oxidized,  al  lc  for  sub-calcic  hedenbergite, 

obliterated.  Such  effects  are  illustrated  j M6SSbauer  spectra  (Figure 

ferric  oxide  (hematite)  are  formed,  a large  proportion 

of%;« 

an  augite,  Fsl0En4iWo46.  are  s °FF  bands  at  ~1.0  and  2.2  microns,  and  to  broaden  the  band  at 
band  depths  of  the  e + , pe2+  pe3+  IVCT  transitions  involving  oxidized  Fe  + (now 

~0.8  microns,  perhaps  due  to  several  Fe  oxidized  augites.  This  assignment  is  supported 

Fe3+)  located  in  both  the  Ml  and  M2  site  formed  by  oxidation  of  augite  remains 

by  the  Mossbauer  spectra  which  indicate  that  feme  iron  ion.  cu  y 

predominantly  in  the  pyroxene  structure.  pyroxene  1 micron  and  2 micron  spectral 

Conclusions.  The  reduced  band  d<jths  j!J^WOxenes  may  be  attributed  to  two  related 
features  observed  in  the  reflectance  spectra  of  o^dized  pyro  y oxidized  to  Fe3-  ions; 

causes:  first,  loss  of  Fe2-  ions  in  the  Pyroxene  M2  ions  in  the  pyroxenes, 

and  second,  increased  absorption  by  the  erne  > f h pyrene  grains. 

or  as  nanophase  Fe203  phases  formed  in  and  on  the  surtaces  on  Vy 
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and  oHvinelln  ^ditioT^CF  inv°lving  structural  Fe3+  in  pyroxenes 

reflectance  spectral  profiles  seen  between  dark  and  brigK^onsof  ^ Contrasting 

ronsidered  To  be’  for  th?  featureT  obs^d  Sd  a6?S  oT?  m™om  iP°rpularly 

ttefen-o^gTesia^  fr°m  aerial  oxida,ion  of  structuraJ I Fe"*Tn?ta 
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Figure  2.  Mossbauer  spectra  at  4.2K  of  oxidized  orthopyroxenes 

Figure  3.  Mossbauer  spectra  at  4.2K  of  oxidized  hedenbergites 
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MOSSBAUER  SPECTRA  OF  OLIVINE-RICH  WEATHERED  ACHONDRITES 

Sondra  L.  Martinez  and  Roger  G.  Burns 

Department  of  Earth,  Atmospheric  and  Planetary  Sciences, 

Massachusetts  Institute  of  Technology,  Cambridge  MA  02139. 

Introduction.  Olivine,  the  dominant  ferromagnesian  silicate  in  many  meteorite-types,  is 
susceptible  to  oxidative  weathering,  particularly  in  aqueous  environments.  Olivine  also 
predominates  in  several  SNC  meteorites  believed  to  have  originated l from  Mars,  ^studies  to 
assess  whether  oxidation  of  olivine  has  occurred  on  the  frozen  surface  of  Mars,  Mossbauer 
spectral  measurements  were  made  on  olivme-beanng  achondntic  meteorites  found  in  Antarctica. 
Reported  here  are  results  obtained  from  4.2K  and  room  temperature  Mossbauer  spectra  of  a sui 
of  ureilites  and  most  of  the  SNC  meteorites,  including  several  falls  and  finds. 

Ureilite  Mossbauer  Spectra.  Several  ureilites,  typically  consisting  of  olivine-pigeomte 
assemblages  in  a carbonaceous  matrix  of  graphite,  diamond  and  lonsdaleite  plus  accessory  Fe-i 
metal  and  sulfides,  were  acquired  for  the  Mossbauer  spectral  measurements.  They ^^d  seven 
specimens  found  in  Antarctica  and  the  two  falls  Novo-Urei  and  Havero.  The  295K  Mossbauer 
spectra  (Figure  1)  are  composed  of  two  ferrous  and  one  ferric  (shaded)  doublets,  in  addition  to  the 
four  inner  peaks  of  the  metallic  Fe  sextet  spectrum.  The  relative  intensities  of  the  outer  and  inner 

ferrous  doublets,  originating  from  Fe2+  ions  in  olivine  and  £? 

olivine  predominates  in  most  of  the  ureilites,  except  for  two:  ALHA  84136  and  EET  87517.  The 
Fe3+  peaks  are  also  intensified  in  these  two  ureilites  relative  to  the  other  specimens. 

The  4.2K  spectra  (Figures  2)  show  the  appearance  of  sextets  originating  from  magnetically- 
ordered  Fe(III)  oxide  phases  and  from  metallic  Fe.  The  ferric  sextet  peaks  are  sharper  in  PCA 
82506  and  yield  a magnetic  hyperfine  splitting,  H,  of  -503  gauss  indicative  of  goethite  (Gh 
compared  toi the  sextet  peaks  in  EET  87517  with  H = -486  gauss  having  larger  widths  and  maybe 
indicative  of  ferrihydrite  (F)  and,  perhaps,  akaganeite  and  nanophase  goethite.  All  of  the  ureilites, 
including  the  two  fall  specimens  (Novo-Urei  and  Havero),  contain  feme  oxide  sextets.  Specimen 
EET  87517  with  the  highest  ferric  iron  content  shows  no  Fe  sextet,  suggesting  that  any  metallic 
iron  originally  present  in  the  meteorite  has  been  completely  oxidized.  , f . 

Conclusions.  It  is  apparent  from  the  295  and  4.2K  Mossbauer  spectra  that  several  of  the 
ureilites  contain  major  proportions  of  metallic  iron.  Much  of  this  metallic  phase  has  resulted  from 
carbon-induced  reduction  of  ferrous  iron  in  the  outermost  10-100  microns  of  olivine  grains  in 
contact  with  carbonaceous  material  in  the  ureilites.  The  cryptocrystalline  character  of  these  e 
inclusions  in  olivine  appears  to  render  the  metal  extremely  vulnerable  to  aerial  oxidation,  even  in 

ureilites  collected  as  falls.  . . 

Spectra  of  SNC  and  Related  Meteorites.  Mossbauer  spectra  measured  on  six  ot 

the  eight  SNC  meteorites  (Shergotty,  Chassigny,  Nakhla,  LaFayette,  ALHA  77005  light  and 
"dark"  fractions,  and  EET  A 79001  lithologies  A,  B and  C),  together  with  spectra  of  related 
achondrites  (Brachina  and  eucrite  ALHA  81002),  are  illustrated  in  Figures  3.  The  4.2K  spectra 
show  that  peaks  at  approx.  -7.75  and  +8.5  mm  s4  indicative  of  a Fe(III)  oxide  phase  are.  ( ) 
conspicuous  in  Lafayette  (found  in  Indiana)  and  Brachina  (found  in  South  Australia);  (2)  barely 
discern  able  in  Nakhla  (fell  in  Egypt,  1911),  eucrite  ALHA  81002  ^dShergotty  (fell  in  India, 
1865)-  and  (3)  absent  in  Chassigny  (fell  in  France,  1815)  and  ALHA  77005  (found  in  Antarctica). 
Spectra  measured  at  295K  show  that  Fe3+  peaks  observed  in  Brachina  and  LaFayette  are  not 
obvious  in  samples  of  the  other  SNC  meteorites,  including  the  three  lithologies  of  EETA  79001. 
Fitted  295K  Mossbauer  spectra  of  the  Chassigny,  Nakhla,  ALHA  77005  and  EETA  79001 

samples,  however,  resolved  ~2%  ferric  iron.  , . 

Conclusions.  The  nanophase  goethite  identified  in  Brachina  and  Lafayette  was  probably 
produced  by  terrestrial  weathering  before  the  meteorites  were  found.  Similar  oxidation  could  not 
have  occurred  in  Chassigny  and  Nakhla  which  were  collected  soon  after  they  fell,  so  that  the  -2  % 
Fe3+  resolved  in  their  295K  Mossbauer  spectra  must  be  of  extraterrestrial  origin.  The  absence  ot 
goethite  in  the  two  olivine-bearing  Antarctic  shergottites  (ALHA  77005  and  EETA  79001)  indicates 
that  oxidative  weathering  of  these  metal-free  meteorites  in  the  polar  icecap  was  negligible.  Again, 
the  -2  percent  ferric  iron  determined  in  the  295K  spectra  of  these  Antarctic  shergottites  appears  to 
have  originated  from  oxidation  on  Mars. 
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Figure  1.  Mossbauer  spectra  of  two  ureilites  from  Antarctica  measured  at  room  temperature 
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Figure  2.  Mossbauer  spectra  measured  at  4.2K  of  ureilites  from  Antarctica 
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Compositional  Variability  in  Olivine  Reflectance  Spectra:  A New  Capability  for  Lunar 

Exploration.  Jessica  M.  Sunshine  and  Carle  M.  Pieters,  Department  of  Geological  Sciences,  Brown  University, 
Providence,  RI  02912. 

New  opportunities  to  explore  the  lunar  surface  using  remotely  acquired  reflectance  spectra  are  expected  from  the 
deployment  of  imaging  spectrometers  on  earth  based  telescopes,  the  upcoming  Galileo  lunar  encounters,  and  the 
Lunar  Observer  spacecraft.  Although  reflectance  spectra  contain  features  that  are  diagnostic  of  individual  minerals, 
spectra  of  lunar  rocks  contain  combined  absorption  features  from  each  of  the  minerals  present  on  the  surface. 
Mineralogic  interpretation  of  these  convolved  spectral  signals  depends  on  our  ability  to  resolve  them  into 
quantifiable  parameters  that  arc  related  to  specific  minerals.  Spectra  can  be  deconvolved  by  representing  the 
individual  absorption  bands  as  discrete  mathematical  distributions  and  modeling  the  spectrum  as  a sum  of  these 
distributions  using  a least-square  fitting  procedure.  An  accurate  model  for  electronic  transition  absorptions  has  been 
developed  by  Sunshine  et  al.t  1990  (J.G.R.  in  press)  which  uses  modified  Gaussian  distributions  to  describe  each 
absorption  band  in  terms  of  three  model  parameters;  band  center,  band  width  and  band  strength.  Sunshine  et  al.  [1] 
were  able  to  use  this  modified  Gaussian  model  (MGM)  to  successfully  resolve  the  spectra  of  orthopyroxene, 
clinopyroxene  and  pyroxene  mixtures  into  individual  absorption  bands.  The  study  presented  here  focuses  on 
applying  the  MGM  to  olivine  reflectance  spectra. 

Given  the  relationship  between  olivine  chemistry  and  the  degree  of  differentiation  of  a rock,  developing  the 
ability  to  not  only  identify  the  presence  of  olivine,  but  also  to  provide  constrains  on  its  chemical  composition  using 
remotely  obtained  reflectance  spectra  would  be  particularly  useful  for  lunar  petrology.  However,  the  spectrum  of 
olivine  is  complex  (see  Figure  1).  It  is  dominated  by  an  absorption  feature  near  1.0  Jim  that  consists  of  three 
overlapping  absorption  bands  caused  by  the  spin-allowed  electronic  transition  of  Fe+^  in  distorted  octahedral  (Ml  and 
M2)  crystal  field  sites  [2,3].  Previous  studies  using  transmission  spectra  of  oriented  olivine  crystals  have  revealed 
systematic  compositional  trends  in  the  band  centers  of  individual  absorption  bands  [2,4].  Similarly,  in  reflectance 
spectra  of  particulate  olivines,  the  overall  minimum  (near  1.0  pm)  of  the  composite  absorption  feature  has  also  been 
observed  to  vary  with  composition  [5]. 

Because  the  1.0  pm  olivine  feature  has  three  independent  absorption  bands,  there  are  nine  free  model  parameters 
(a  center,  strength,  and  width  for  each  absorption)  all  within  the  1.0  pm  region  in  any  model  of  the  olivine  spectrum. 
It  is  difficult  to  resolve  these  overlapping  absorption  bands  in  spectra  of  multi -component  lunar  rocks,  which  include 
absorption  features  from  other  minerals.  If  quantifiable  relationships  among  the  model  parameters  can  be  determined 
for  olivine  spectra,  this  problem  could  be  greatly  simplified,  particularly  for  data  with  lower  signal  to  noise  ratios. 

To  investigate  the  relationships  among  the  model  parameters,  a suite  of  twelve  olivine  samples  spanning  a wide 
range  of  compositions  was  assembled.  (We  would  like  to  thank  R.  Bums,  E.  Cloutis,  and  the  Harvard  Mineral 
Museum  for  generously  providing  several  of  these  samples).  Bi-directional  reflectance  spectra  from  0.3  to  2.6  pm 
were  obtained  for  <45  pm  panicle  size  separates  of  these  samples  using  the  RELAB  spectrometer  [6].  One  sample  (Fo 
43)  was  excluded  from  further  analysis  due  to  its  anomalous  spectral  characteristics;  the  cause  of  this  behavior  is 
unknown  and  being  investigated  further.  The  remaining  samples  were  all  successfully  modeled  using  five  modified 
Gaussian  distributions  superimposed  on  a continuum  (see  Figure  1 for  example).  Three  of  the  absorptions  (bands  a, 
b and  c)  form  the  primary  Fe+^  feature,  another  consistently  occurs  on  the  short  wavelength  wing  of  this  feature  (band 
d),  and  the  fifth  represents  the  charge  transfer  absorptions  at  short  wavelengths. 

Modeling  the  suite  of  olivine  spectra  reveals  that  the  centers  and  strengths  of  absorptions  vary  systematically 
with  chemistry.  Analysis  of  the  resultant  model  parameters  also  suggests  that  each  absorption  band  has  a fundamental 
band  width  and  that  three  of  the  four  major  absorption  bands  have  a similar  average  band  widths  in  energy.  The 
average  band  widths  and  their  standard  deviations  are  given  in  wavelength  i^nm)  and  energy  (cm*1)  in  the  chart  below. 
Bands  a,  c,  and  d have  band  widths  of  approximately  3000  cm'1  while  band  d has  a width  of  «1500  cm-1. 


band  a 

band  b 

band  c 

band  d 

average  band  width  in  nm 

228  ± 38 

176  ± 8 

424  ± 37 

115  ± 34 

average  band  width  in  cm'1 

3053  ± 270 

1612  ± 24 

2870  ± 178 

2889  ± 311 

approximate  band  width  in  enerev 

3000 

1500 

3000 

3000 

Since  one  would  expect  the  width  of  an  electronic  transition  absorption  to  be  a function  of  the  crystal  field  site, 
the  relationships  between  the  average  band  widths  suggest  that  absorptions  a,  c and  d are  from  one  site  and 
absorption  b is  from  a different  site.  This  is  consistent  with  Bums’  assignment  of  absorption  bands  a and  c to 
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. • c of  Pe+2  in  the  M2  site  based  on  transmission 
transitions  of  Fe+*  - die  Ml  she  and  absorption  ^ “ iL  However,  the  fact  that  band  d has  the 

studies  [2,4],  The  origin  of  the  smaller  absorption,  band  i ^ ^ ^ ^ due  lo  Fe^  in  the  Ml  site, 
same  average  width  as  bands  a and  c suggest  a a ^ ^ averagc  band  wldths  for  the  four  absorptions 

The  suite  of  olivine  spectra  was  re -modeled  using  e ^ number  of  free  parameters  by  four,  but  has  little 

given  in  the  chart  above.  Constraining  the  band  widths  r - lhe  F(1  97  spectrum  is  shown,  for 

effect  on  the  RMS  residual  error  of  fit.  The  model  ^ Wgh  lron  fayal.te  spectrum  (Fo  01) 

example,  in  Figure  1.  It  is  possible  to  model  all  th  ^ ^ f)(  ^ fayalile  spectrum  it  is  necessary  to  relax 

using  the  average  band  widths  shown  in  the  chart  a • # , proportion  of  iron  changes  the  structure 

the  constraints  on  the  band  widths.  This  suggest  th«  e pr * of  hi{.h  ir0n  olivines  (Fo  <36)  will 

of  the  crystal  field  she  and  thus  the  trans.L  occurs. 

need  to  be  analyzed  more  completely  m or  cr  centers  and  band  strengths  with  composition. 

Constraining  the  band  widlhs  mcreases  lhe  show/as  a function  of  molar 

The  relationship  between  the  band  centers  of  to  " .mission  spectra  |d],  there  is  a systemauc  increase 

percent.g.  fors.erite  in  Figure  2.  As  was  (bands  a.  b and  c)  as  the  compos,,, on 

in  the  wavelength  of  each  of  the  ban  cen  e e Well  correlated  lo  the  molar  percentage  forstente  m 

becomes  increasingly  fayahuc.  While  dtese  band  ^ -e  ^ web  wavelengths. 

the  samples,  band  c has  the  highest  correlation.  .975.  and  spans  the  tap * * ^ ^ ^ spectra  ^ the 

The  high  correlation  between  the  band  centers  of  the  primary  uT^ovr[l  ollvine  sample  can  be  estimated 
chemical  compos, uon  of  the  sample  suggest  tot Reoogra„0„  „f  to  const™,  band  width,  m th.s 
from  the  position  of  the  band  centers  derived  using  ^ elers,  which  will  enhance  the  accuracy  of 

analysis  of  laboratory  spectra  has  reduced  the  num  ^ prescnled  here,  and  in  previous  study  of 

modelling  olivine  spectra  with  lower  signal  to  nots  • ^ ^ on]y  idcnlify  minerals,  but  to  also  estimate 

pyroxene  spectra  [1],  suggest  that  reflectance  spec  a , lcristics  with  those  derived  from  known  samples, 

their  chemical  composition  by  relating  their  a sorp  10  a more  complete  range  of  compositions,  usmg 

Expanded  studies  of  the  speed  variation  of  addioon  miner  ^positional  infornmnoh  to  • 1«I« 

Jesuit  »d  returned  lunar  samples,  will  pronto  to  capability  » obrnm 

number  of  relevant  minerals  on  the  lunar  surface. 


, , . , rnm  Fieure  2 The  relationship  between  band  center  and 

Figure  1.  The  olivine  absorption  bands  derived  from  & absorption  bands  in  olivine 

the  modified  Gaussian  model  fit  to  the  spectrum  of  Fo  composition  for  Jh  p 

97  olivine.  The  band  widths  used  to  to  prinuuy  eeHetonc.  speed 

absorption  bands  are  the  average  widths  indicated  in  the 

Chart  abOVe'  n \a  h Pram  S F.  J.G.R.,  1990  in  press.  [2]  Bums,  R.  G„ 
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™MtarSFEnIHNlMTSC°vl RNI=CUS:  AN  EXPGSED  LAYF.RED  PLUTON 

, . . ratt  and  J.M.  Sunshine,  Brown  University,  Providence  RI  02912 

a,  mr  w*  °r  ™ck  w - — 

(1)  and  is  present  in  deposits  ^ basalts  of  the  western  mare 

be  the  primary  mafic  mineral  comprising  the  central  neaks  of  fWmP  P°lararea  (2):  0llvinc  was  discovered  to 

component  of  material  excavated  along8the  south  rim  of  Aristarchus  S wS  f°Und  10  ^ a si^nificant 

(massif)  on  the  Aristarchus  plateau  (4)  In  all  rases  rhe  • f . s a rnaJor  component  of  a mountain 

general  character  of  diagnostic  abso  Jilon  features  ne^  1 'h  / *******  °livine  was  inferrcd  f™  *e 

address  the  more  important  compositTonalquestions  ab^,  t rnTn^.T!"  rCm°l"ly  °btaincd  rdlectance  spectra.  To 
sophisticated  approaches  than  were  previously  availahlp  c i andance  and  mineral  composition  requires  more 
components  and  quantifying  S TsSmt^  for  deconvolving  mineral  mixtures  into 

applications.  Presented  herf  rCCC"tly  ^ and  show  !«“«  for  lunar 

model  for  separating  components  of  intimate  mixtures  (5  6)  andthe m^rrTr  informatlon  utllizing  die  Hapke 
mineral  composition  (8).  The  discussion  below  evkatefie  comTOsitS^of  Si ??USS,an  modcl  (7)  for  ana'yscs  of 

ssr =;l  . dep,h  „f 

even  the  mantle  formed  from  a magma  ocean?  A more  Ff  rir!  of°m  a largc:scale  *Iifferen[la[|o|'  event  (a  pluton  or 
rather  evolved  magma.  Although™.  ™ , t L T'  ".‘H”""  «lem,et  im™,,™  of  a 

believed  to  have  reaped  a slTn^n^SoL,  comwaSe  m <9)-  Uk  f a‘  Coper"icas  is 

T d ^ “ Srimilar  ‘°  ,hal  in  “*  eenw' high  lands or 

accurate  mcasttremcn^oTdi^ch^Kte^aiirche  somtm^of'abs3*  fr0m  3 COm^  -quires 

original  lithology.  Although  the  StSta  Ss°  toSST  SZZ*  f*  “ “I ovara"  ^ °f  lh' 
contrastt  the  residual  absorption  features  retain  thp  y darkens  lunar  material  and  reduces  spectral 

products  contained  in  lunar  agglutinates  dominate  the  onriraf  °S  ° * ° or}&ina\  Oology  (e.g.  12).  The  alteration 
largely  to  the  fae,  Uta.  all  soilf  L “a  ^geolZide  EK  Z ZT  m i"si*"ir«““  ** 

from  a two-step  approach  for  removing  the  effects  of  alteration  from  the  * F Xurcs  l ani  2 are  Preliminary  results 
Copernicus  (Cop  P3).  The  first  step  is  to  derive  a model  for  it/  Spectrum  for  lhc  middlc  central  peak  of 

typical  highland  soil.  Noritic  breccia  67455  was  chosen for  ,hk  nTf  °f  thc  a,tcration  Products  for 

lithology  and  soil  62231  was  chosen  to ropr^l ^ l°  repreSCnt  typical  unaltcred 
calculate  the  properties  of  alteration  produce  ,ntUmate  mixinf  ™del  was  used  to 

density  are  comparable,  70%  of  the  synthesized  alteration  nrnd..e?r  at  h mt°  !?ature  sod-  If  Particle  size  and 
soil  62231.  [If  the  absorbing  species  in  ALT  is  smaller  the  S OWn  !n  Flgure  1 is  required  to  produce 

same.]  Assuming  the  same  alteration  process  at  Corcm  o l n"  reqmrCd  dccreascs>  but  ALT  remains  the 
the  spectrum  for  Cop  P3  using  the  imlmZ  m xTnfr^d“i  V SCC°nd  StfP  'S.t0  remove  the  effects  of  ALT  from 
Copernicus  P3  spectrum  shown  in  Figure  2 required  removdofSO^AI  T^f  ^ fh***  den^ation  of  the  unaltered 
Mineral  Abundance.  The  st  encth  of Ahe  hmTd  S l T fr0m  the  °ng,nal  tclcscoP'C  spectrum. 
Copernicus  P3  spectrum  is  about  40%  Although  dean  vrvwiih  ^110"  ^ 'T  1 pm  in  the  unaltered 
typical  for  particulate  monomineralic  samples  ofohvine  thatconrnm  s"ph  an  absorption  strength  is 

component  would  be  inconsistent  with  the  unaltered  Con  P3  ^ f P 5F,Sure  3)-  A large  plagioclase 

featureless)  would  dilute  the  mafic  mineral  absorption  tend  P In  rT  S,"Ce  plag,oclase  sPcctrum  (relatively 

observed  for  analogue  lunar  soil  mixtures  of  plagiocTase  and  Dtox^ne  mr15011  ^ variat,ons  in  band  strength 

is  estimated  for  P3.  Contrary  to  previous  expiations  ° “ “PPer  ,mU  °f  about  30%  Plagioclase 

does  appear  to  be  a weak  feature  in  £ 12)’ therC 
absorption  are  minor  components  of  (1)  low-Ca  pyroxene  or(2)  sninel  0^'  TWk  P°ssible.causes  for  this  faint 
and  remove  with  the  intimate  mixing  model  Using  the  spectrum  r»f  a i ^ ^ abundance  ,s  simple  to  estimate 
the  low-Ca  pyroxene  component  L SlaS it  TT ^ ?8235)' 

pyroxene  removed  is  shown  in  the  top  of  Figure  2 Alternative  v imc!  f d ° P P sPc,ctrum  Wltb  this  minor 
faint  2 pm  feature.  Only  two  particulate  lunar  olivine  ^ely  trace  amounts  of  spinel  could  account  for  the 

und  a 76535  separa.e),  boll,  of  which  cxhSd  a 2 ^ n,ca«»,  (72414 

translucent  Cr-spinel  Diffuse  Uansmi^inn  m^ac  ^ atUFC  anC^  WCre  ^nown  to  contain  noticeable  amounts  of 

P-  feat-  to  be^ the  i Siu'ST^-0'  724,5  the  CaUSC  °f  thc  2 

from  a particulate  sample  are  shown  in  Figure  4 Since  the  sninM  th,nfSv;Cil0n  spccLra  and  a comparison  spectrum 
the  characteristics  of  the  spinel  wcre  calSd  fmm  ihe  n.  P T ® Sm'dUcT  than  the  1 mm  beam  size, 
unmixing  pyroxene,  however,  it  is  more  difficult  to  confident"6  3"d  lh':  ° IV'ne  + Spmel  sPectra-  In  contrast  to 
Rcfleciance  mo*!,  have  no!  yet  been  .csted  lha,  an  incoqx,,*  £ Sc  TZSon  ’Zf  ^ C°P  ” SPCCI'Unn' 
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Olivine  Mountains  at  Copernicus 

C.  M.  Pieters  et  al. 

Mineral  Composition.  indtviduaTabTo^ion  bands  using 

orthopyroxcnc,  spinel),  the  complex  e ^ b^d  characteristics  arc  adequately  constrained  within  the  S/N  of  the 
the  modified  Gaussian  model  (MGM)  ( )•  r can  kc  csu  mated  by  comparing  P3  band  parameters 

telescopic  data,  the  compos, Lon  of  the  o "csrtal  Fo  - Fa  suite  (8). 
with  the  systematic  variations  observed  las a ^f”"c''°n  “f  these  milial  results  indicate  that  the  ccntcrmost. 

Summary.  Although  the  character  of  ALT  i i prel  * a,mosl  cnlirel  of  dunite.  piagioclase  is  not 

and  blockicst,  mountain  lithology  also  contains  either  4-5%  low-Ca  pyroxene  or 

required,  but  may  be  present  to  30  / . , nristine  olivine  samples.  When  the  cause  of  the  2 pm 

trace  amounts  of  spinel  comparable  to  those  oun  composition  should  be  possible.  It  should  be  noted, 

feature  is  more  fully  understood  determination  o contain  an  abundant  feldspar 

however,  that  PI,  the  larger  ol.vme-bear.ng  mountain  10  km  1 :o  the  west  U U . ^ ^ p3  ^ ^ are  nQ  olher 

component  since  the  olivine  absorption  strengt^  o serv  J f distinctive  compositional  sequence  is 

<£SS  KsS“!otat  round  at  me  Stillwater  copies  on  Earth. 
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Fiqure  1.  Reflectance  spectra  of  samples  used  to 
estimate  the  required  spectral  characteristics  of  materials 
produced  during  regolith  alteration  (ALT)  Ba?e<J  an 
intimate  mixing  model,  an  unweathered  breccia  (67  ) 

mixed  with  70%  ALT  will  produce  mature  soil  (62231). 
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Fiqure  3 Reflectance  spectra  of  a suite  of  terrestrial 
olivines  with  different  compositions  [used  in  Sunshine 
and  Pieters  (8)].  All  samples  have  a particle  size 
<45|im. 
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(P3)  obtained  with  earthbased  telescopes  (with  errorbars). 
Using  intimate  mixing  models,  ALT  was  first  removed  from 
Coo  P3  to  produce  a spectrum  for  unaltered  material  at  r3, 
then  minor  (5%)  orthopyroxene  (78235)  was  removed 
resultinq  in  a dunite  spectrum  (offset  upward  0.1). 
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Figure  4.  Diffuse  of  selected 

areas  of  olivine  and  olivine  + spinel  from  a 72415  thin 
section.  The  spectral  properties  of  the  more  absorbing 
spinel  was  calculated  using  |inear  mixing  model.  A 
reflectance  spectrum  of  a particulate  sample  (<45  pm) 
of  this  dunite  exhibits  a distinct  spinel  feature  near  2 ML 


resulting  in  a dunite  spectrum  (offset  upwa  . . g t r ot  al  (1981)  JGR,  86,  10883  3. 

References:  1.  Pieters  C.M.  et  al.  ( 1980)  JG^>  • ,iqfl6\  pipsC16th  D344-D354.  5.  Hapke  B.  (1981)  JGR 
Pieters  (1982)  Science.  ...  (1989)  JGR  94, 13619-13634. 

aM1973Hg^^ 
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SPECTRAL  EMISSIVITY  OF  FINE-GRAINED  SURFACES 

S.B.  Petroy  and  R.E.  Arvidson;  McDonnell  Center  for  the  Space  Sciences,  Earth  and  Planetary 
Sciences  Department,  Washington  University,  St.  Louis,  MO,  63130 

The  high  spectral  and  spatial  resolution  thermal  infrared  (TIR)  data  to  be  acquired  from  the 
up-coming  MO-TES  mission  will  help  to  further  constrain  the  composition  and  texture  of  martian 
sediments,  thus  allowing  for  more  detailed  mapping  of  the  surface.  To  prepare  for  these  data, 
portions  of  two  remote  sensing  field  experiments  (MFE  - 1988,  GRSFE  - 1989)  [1,  2]  were 
conducted  to  test  procedures  used  to  extract  surface  property  information  from  TIR  data.  Results 
from  the  continuing  analyses  of  Thermal  Infrared  Multispectral  Scanner  (TIMS)  data  and  field 
emission  spectra  with  respect  to  the  physical  characteristics  (composition,  emissivity,  etc.)  of  two 
playas  in  southern  California  and  central  Nevada  are  presented  below. 

TIR  data  are  used  not  only  for  lithological  discrimination,  but  also  to  determine  the  physical 
properties  of  target  materials.  The  major  silicate  absoiption  feature  in  emission  spectra  (centered  at 
9.0  ftm)  results  from  the  fundamental  stretching  of  the  Si-O  bonds;  the  location  and  depth  of  this 
feature  is  diagnostic  of  the  silicate  content  of  the  sample.  Generally,  the  minima  shifts  from  left  to 
right  as  the  total  silicate  content  within  the  sample  decreases,  thus  allowing  for  general  lithologic 
discrimination  between  materials  [3],  In  loose  sediments  that  are  compositionally  homogeneous, 
the  depth  of  the  minima  is  diagnostic  of  particle  size  and  degree  of  packing  [3], 

Silver  Lake,  in  southern  CA,  is  bounded  on  the  west  by  the  Soda  Mountains  (Precambrian 
and  Mesozoic  granites  and  carbonates)  and  on  the  east  by  alluvial  fans  originating  in  the  Silurian 
Hills.  The  western  shore  of  the  playa  consists  of  beach  ridges  and  wave  cut  cliffs,  while  the 
eastern  shore  is  marked  by  a well-sorted  quartz  sand  berm.  The  surface  of  the  playa  is  dry,  hard 
packed,  and  mud-cracked.  The  soil  of  the  playa  is  unusually  dark  as  compared  to  that  of  most 
playas  in  the  southern  Mojave  [4],  Two  sites  were  selected  for  study;  site  1 (south)  consists  of 
fine-grained  clays  and  deep  mud-cracks  and  site  2 (north)  of  slightly  coarser  sediments  and 
shallower  mud-cracks.  Compositional  analyses  of  samples  collected  at  both  sites  were  almost 

identical  predominantly  smectites,  Ca-muscovite,  kaolinite,  and  quartz;  minor  amounts  of  calcite 
were  also  detected 

Lunar  Lake,  in  central  NV,  is  bounded  to  the  west  and  north  by  the  Lunar  Crater 
Quaternary  basaltic  flows  and  tephra  cones  and  to  the  southeast  by  uplifted  Tertiary  rhyolitic  tuffs. 
Much  of  the  shoreline  is  marked  by  a well-sorted,  quartz  rich  sand  berm.  The  surface  of  this  playa 
is  also  dry,  hard  packed,  and  mud-cracked.  However,  this  playa  is  very  bright  in  contrast  to  Silver 
Lake.  Several  areas  at  the  southern  end  of  the  playa  are  covered  with  locally  derived  basaltic- 
cobbles  (2  to  10  cm).  Three  sites  were  selected  for  study  at  Lunar  Lake  (all  in  the  southern  end)  - 
an  undisturbed  playa  site,  a similar  site  which  had  been  artificially  modified  (the  surface  crust 
broken  up  and  loosened),  and  a basaltic  cobble  covered  site.  Samples  were  collected  from  the 
playa  sites  and  are  presently  being  analyzed  for  composition. 

Field  emission  data  were  collected  (Feb  and  July  of  1989)  at  both  playas  with  the  JPL 
Portable  Field  Emission  Spectrometer-  the  PFES  [5]  and  are  shown  in  Figure  1.  The  emission 


282 


curve  for  site  1 at  Silver  Lake  exhibits  a broad,  shallow  absorption  feature  centered  at  9.0  pm, 
characteristic  of  fine-grained,  silicate  material.  The  absorption  feature  for  site  2 is  deeper  and 
shifted  to  slightly  longer  wavelengths  (around  9.5  pm).  The  difference  between  the  two  sites  is 
not  compositional,  but  rather  due  to  the  slightly  coarser  nature  of  the  sediment  at  site  2.  At  Lunar 
Lake,  the  cobble  site  emission  curve  is  similar  to  that  of  the  Cima,  CA,  mantled  flows  [6]  an  is 
characteristic  of  a two-component  surface  (silicate  clays  and  basaltic  cobbles).  The  absorption 
minima  is  broad  and  centered  around  9.5  pm;  in  addition,  the  emissivity  for  this  site  is  high  at  the 
smaller  wavelengths,  characteristic  of  a mafic  component.  The  two  undisturbed  playa  sites  exhibit 
essentially  identical  emission  curves  but  show  a marked  contrast  from  the  Silver  Lake  data.  The 
sediments  at  Lunar  Lake  are  characterized  by  a narrow,  sharply  defined  absorption  minima  at  9.5 
pm  and  high  emission  at  smaller  wavelengths  (consistent  with  a more  mafic  origin  of  the  days) 

These  field  observations  can  be  empirically  related  to  color  composites  using  t e 
bands  1,  3,  and  5.  The  green  areas  within  both  images  correspond  to  the  lowest  points  on  the 
playas;  they  consist  of  the  finest  clays  and  the  deepest  mud-cracks.  The  red  rims  around  both 
playas  correspond  to  the  well-sorted,  quartz  rich  sand  berms  observed  in  the  field.  The  general 
color  trend  across  both  lakes  is  bluish-purple;  slight  variations  in  the  amount  of  red  (Silver  Lake  is 
"redder")  are  consistent  with  compositional  differences  between  the  two  lakes  (more  silicates  at 
Silver  Lake,  more  mafics  at  Lunar  Lake). 

Within  the  lakes,  however,  color  variations  probably  represent  textural  differences  (partic  e 
size  packing,  mud-cracks,  etc.).  Stick  spectra  were  extracted  from  the  six-band  TIMS  image  for 
Lunar  Lake  at  all  three  test  sites  (Fig.  2).  Spectra  for  the  disturbed  playa  site  are  much  higher  than 
for  the  undisturbed  site.  This  observation  is  consistent  with  Conel's  (1969)  work  [3]  which 
demonstrated  that  fine-grained,  loose  material  exhibits  a higher  emissivity  than  the  same  materia 
which  is  packed  down.  However,  the  stick  spectra  for  the  disturbed  site  displays  the  same  general 
shape  as  the  spectra  for  the  cobble  site;  thus,  it  appears  that,  for  low  spectral  resolution  data, 

compositional  and  textural  effects  can  mimic  each  other. 

Based  on  qualitative  interpretations  of  the  TIMS  data  and  the  field  emission  spectra,  subtle 

compositional  and  textural  differences  across  two  playas  can  be  recognized.  However,  care  must 
be  taken  when  using  such  low  spectral  resolution  data  in  an  attempt  to  quantitatively  separate  these 

two  effects. 
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[1]  Wall  S et  al.  (1988)  Bull.  Am.  Astr.  Soc.,  20,  p.  809.  [21  Arvidson,  R.E.  and  D.L.  Evans 
(1989)  GSA  Abst.  with  Prog.,  p.  A121.  [3]  Conel,  J.E.  (1969)  Jour.  Geophys.  Res.,  vol.  74 
p.  1614-1634.  [4]  Thompson,  D.G.  (1929)  US.  Geol.  Survey  WS  Paper  578  , p.  559-568.  [5] 
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Figure  1:  Infrered  emission  spectra  for  sites  on  Silver  and  Lunar  Lake  collected  with 
the  JPL  Portable  Field  Emission  Spectrometer  (PFES). 


nnZfhrl,  ^ efXtraCltd  fF°™  lhe  Lunar  Lake  TIMS  six  band  data  ( data  are 
pxtr«r^H  frnmf0r  0 • ,he.,hree  modelling  sites.  In  addition,  DN  values  were 
fhl  Tims  • random  sites  in  the  northern  end  of  the  lake  (the  green  area  in 
the  TIMS  image  of  Lunar  Lake). 
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GEOLOGIC  REMOTE  SENSING  FIELD  E^PER  Department  of  Earth  and 

R.  E.  Arvidson.  McDonnell  Center  for  the  Space  Sc  • 4 P63 , 30.  d.  L.  Evans. 

Planetary  Sciences.  Washington  University.  St.  Louis.  qimx 

M Provision  Laboratory.  4800  Oak  Grove  Dr..  Pasadena.  CA  91 108 

The  Geology  Remote  Sensing  Field  ExpeHmen,  (GRSFE, was 
remote  sensing  data  from  aclvanced  instru  under  arid  conditions)  in  the 

(i.e  basalts  aeolmn  features,  surf  ^ .g  meant  ,Q  be  used  by  the  planetary 

southwestern  United  States.  p.vtrartinn  of  surface  property  information 

community  to  test  quantitative  model.  packing  thermal  conductivity, 

(e.g..  refractive  index,  permittivity  gram  Airborne  Visible  and 

microscopic  roughness  over  variety  of  J s Therma|  infrared  Multispectral 
Reneced  infrared  polarime.ric  SAR.  the 

Scanner  (TIMS),  the  C L.  (rArQH^mptpr  tASAS)  airborne  laser  altimetiy 

Advanced  Solid-State  Array  Spec  _ associate!  ground,  and  associated 

(ATLAS),  helicopter-bome  stereophmogiaphy.  were  conducted.  Sites  included 

ground  measurements  ot  Death  Valley  fans. 

^sote^sed  totjtore  the  fromTrizona  sSe 

Washington.  Washington  Umv..  Stanford  Univ..  Go dc  f]rst  ^uarter  of  FY91  by 

^un^Tcraten5 ^IcA"^  A'S  ^amc, eristics  of  the  instruments  flown 
during  GRSFE  and  Table  C summarizes  the  data  sets  acquired. 

TABLE  A 

GEOLOGIC  REMOTE  SENSING  FIELD  EXPERIMENT 
Lunar  Crater  Volcanic  Field.  Nevada 


o 

o 

o 

o 

o 

o 

o 


o 

o 

o 


250  km  northwest  of  Las  Vegas.  NV 

rul%^n“ 

zone  up  to  10  km  wide  and  about  40  km  long  „ 

UvTflowsUdranCgentluP  “To  kmwTde  andTI'km  mng  with  thicknesses  less  than 

^We-«r"yal-,d in  center  of 

Su A L Cima. 

?Unt?in0.henor.heas.  and  central  parts  of  the  field  are  veneered 

- man,ied  whh  ex,ensive  deposi,s  of 

aeolian  silt  and  fine  sand 
Tertiary  rhyolite  exposures  nearby 
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GEOLOGIC  REMOTE  SENSING  FIELD  EXPERIMENT:  Arvidson  and  Evans 


TABLE  B 

GEOLOGIC  REMOTE  SENSING  FIELD  EXPERIMENT 
Aircraft  Sensor  Characteristics 


Airborne  Visible  and 
Infrared  Imaging 
Spectrometer  (AVIRIS) 


Advanced  Solid-State  Airborne  Terrain  Laser 
Array  Spectroradiometer  Altimeter  System  (ATLAS) 
(ASAS) 


Wavelengths 
Number  of  Channels 
Swath  Width  (km) 
Pixel  Size  (m) 
Nominal  Altitude  (km) 
Platform 


Wavelengths 
Number  of  Channels 
Swath  Width  (km) 
Pixel  size  (m) 

Nominal  Altitude  (km) 
Platform 


0.41-2.45  micrometers 
224 
10 
20 
20 
ER-2 

Thermal  Infrared 
Multispectra  I Scanner 
(TIMS) 

8.2-11.7  micrometers 
6 
12 
20 
8 

C-I30 


0.47-0.87  micrometers 
29 
2 

4 

5 

C- 1 30 
Aircraft 

Polarimetric  SAR 


5.7.  24,  68  cm 
3 

10 

10 

10 

DC-8 


l .06  micrometers 
1 

N/A 
1 -20  m 
1-10  km 

T-39  Sabre  Liner 


GEOLOGIC 


TABLE C 

REMOTE  SENSING  FIELD  EXPERIMENT 
Data  Archive 


Instrument 

AViris  (21  scenes  @ 141  MB/scene) 
ASAS  (12  scenes  @ 83  MB/scene) 

TIMS  (1.685  km) 

SAR  (19  scenes  @ 30  MB/scene 
ATLAS  (8  profiles) 

Helicopter,  field,  lab  data,  documentation 
Total 


Date  Volume 

TGE 

I GB 
670  MB 
570  MB 
96  MB 
200  MB 
53TJF 
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DATA°rOADETEH^INB  SI™  AT  THE 

Edwatcf  ^3uin nes^ ^Ra v m ond"  E^  A iwi  d s o n . McDonnell  Center  for  the  Space  Sciences, 

20771. 

The  Geologic  Remote  Sensing  Field  Experiment  (GRSFE)  was  conducted  in  July 

I sJntemher  1989  to  collect  data  with  advanced  aircraft  instrumentation  [!|.  One  of 
and  September  1989  to  collect  ciata  wii  gr0und  data  needed  to 

lo  delermine  surface  roughness  and  composition.  The  ASAS  instrumen  is  designe 

SSS TesoiSsa of  "'SleterT.'55 The  ISTJ 2?  W bands  tll,  cover 
fhe  wavelengths  of  0 465  to  0.87  micrometers.  ASAS  can  also  be  rotated  during 
collechon  togrfew  a scene  a.  seven  different  geometries  rangtng  t 45°  from  nadtr  in  15 

increments. 

ASAS  data  were  acquired  over  the  Lunar  Crater  Volcanic  Field  in  Nevada  13 1. 
undisturbed  playa  surface. 

times  skmt,  isr  sr.rss.ai 

«'irn^eiuiv{r 

minimal  whereas  the  contribution  due  to  surface  roughness  shou  d be  sjgmfican  W 
Tn  3 ion  to  the  aircraft  data  over  Lunar  Lake,  the  spectral  reflectance  of  the  sites  was 
measured  n\vilh  a Daedalus  AA440  field  speclromeler.  and  the  opt, cal  depth  of  the 
mmosphere  was  measured  with  a sun  photometer  a.  the  same  time  as  the  ASAS 

overflight. 

Reflectance  data  for  the  three  modeling  surfaces  were  extracted  from  ASAS 
images  a" me  seven  different  viewing  angles.  Data  from  the  band  centered  at  0.693  urn 
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SURFACE  PROPERTIES  FROM  AIRCRAFT  DATA:  Guinness  E.  A.  et  al 


7oZZL  ?oethf  ASAfdl00"1^'"  COHdC  ,51  W3S  USed  atmospheric 

I ftWTRAN  i Jr,  ASnS  dalau  , A‘m<>spheric  parameters  were  chosen  so  that  the 
Thpc  RAN  ™occ  "suits  matched  the  optical  depth  values  measured  at  Lunar  Lake 
These  parameters  were  then  used  to  predict  the  radiance  reaching  the  ASAS  sensof  tat 
an  altitude  of  5 km)  from  direct  and  diffuse  reflectance  off  the  groL  and  from  sTnile 
and  multiple  scattering  in  the  atmosphere.  Models  were  computed  for  dark  and  brifht 

hv  ASASaSSrrg,  LamTian  SC,al!e,ing  al  each  of  the  eSion  angL  obsen^d 
aqac  AS'r  Th  atmo.sPher'c  m°deling  indicates  that:  A)  most  of  the  radiance  reaching 
ASAS  is  from  reflection  of  the  direct  solar  irradiance  from  the  ground  and  B)  there  if 

sra  t terin  p 03,1  The  r'^fo  re  a of  emission  Jg,e  due  ^atmospheric 

scattering  in  ""  m*de  “ 'he  ASAS  ‘,ala  ‘"-ospheric 

f ,-The,/S^S  reflectance  data  were  then  modeled  with  the  HaDke  nhotomeirir 

roughness  of  the  surfares^Tte  thr  diffefrences  in'hf.  “'"Position  and  macroscopic 
ougnness  ot  the  surfaces.  The  thiee  surfaces  can  be  distinguished  by  their  comDosition 

sea  enng  characteristics.  In  addition,  there  is  a correlation  between  the  scale  of 

roughness  elements  and  the  magnitude  of  the  Hapke  roughness  parameier  The  smooth 

and  rough  playa  sites,  which  have  similar  compositions,  were  fit  with  nearly  the  same 

rnnoh  °f  S'ng  e scattenng  albedo.  However,  there  were  significant  differences  in  the 
roughness  parameter  and  particle  phase  function  of  the  two  playa  surfaces  The  smooth 
playa  data  were  modeled  with  a macroscopic  roughness  angle  of  less  than  1°  which  is 
consistent  with  the  smooth  nature  of  (he  surface  That  exhibits  onlfshXw  mud  crack 
and  arf™  «""n,eter  "ze  rock  fragments.  In  addition,  the  smooth  playa Surface  tad  a 

Dh^  anXs  Thi  scalIe"n8  Phas.e  luncM°n  due  to  an  increase  in  reflectance  at  large 

f f i sog  ^ The  rough  playa  data  were  best  modeled  with  a roughness  ansle  of 
m.?ph  nh  and  a,moderate|y  ba(*  scattering  phase  function.  Roughness  elements  on  the 
rnhm  P if*  SU'!aCe  consist  of  ,me  Powder  and  centimeter  scale  sediment  clods  The 
cobble  surface  data  were  modeled  with  a single  scattering  albedo  much  less  than  the 
playa  sues  w.th  a nearly  isotropic  phase  function,  and  wi,S  a roughness  ang  e of  about 
fhc  c,obWe  surface  bad  the  largest  roughness  elements  consisting  of  rock 
agmenls  up  to  several  tens  ot  centimeters  in  size  and  several  meter  size  bushes. 

analvsi^nf f zfnas:  presemed  allove  ,are  preliminary.  Future  work  will  include:  A) 

nh*ZS  S °|f  ASi^yS  st  r^es  several  incidence  angles,  including  small  incidence  and 
as^  anSles:  **)  modification  the  LOWTRAN  code  to  include  the  Hapke  function  so 
WH6  a‘mosPhenc  and  surface  scattering  can  be  solved  for  at  the  samPe  time-  Lnd  C) 
consideration  of  subpixel  mixing  models.  The  intent  will  be  to  separate  ’ textura 
information  from  compositional  information  for  the  various  surfaces  P 
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CHAPTER  7 


RADAR  APPLICATIONS 


ANALYSES  OF  AIRCRAFT  RADAR  PAXA  ATEXTURES  AN° 

AEOLIAN  DEPOSITS  AT  PISGAH,  CA 

Lisa  R.  Gaddis  and  Ronald  Greeley,  Department  of  Geology, 

Arizona  State  University,  Tempe,  AZ  8528  / 

Analvses  of  radar  data  acquired  by  the  NASA/JPL  polarimetric  Airborne  Synthetic 
A c j r ATRSAR'l  for  the  Pisgah  lava  field  permit  mapping  of  lava  flows  and  aeolian 

50°TcnassfanS image the's^ttering  matrices,  images  with  a variety  of  polarizations 
1 y“h"esizi  (W  -L^nZyl  «£M». 

raaXd°The  goaTis  to  determine  the  best  configuration  of  imaging  radar  parameters  for:  ^ 

5 Sabs  X acquired 

f PQrth  Hurinp  the  SIR-C  and  EOS  experiments  and  for  Venus  during  the  Magellan  mission. 

01  The  distribution  of  Quaternary  basaltic  lava  flows  and  Recent  aeolian  mantling  deposits 
at  Piseah  is  shown  on  Figure  1.  Lava  was  erupted  in  three  phases:  Phase  I produced  ( 

1 flat  surfaced  "platfom-  pahoehoe;  Phase  II  produced  aa  flows  up  to  -5  m thick  and  loctd 

patches  o“  th"  pahoehoe;  Phase  III  lavas  mostly  formed  a “flots  ^e 

nressure  ridges  up  to  5 m high  and  smoother  "platforms  (Wise,  1966).  Parts  ot  all  nows  are 
mantled  byt 2 sediments  deposited  by  the  prevailing  westerly  wmds  Although  tar 
thicknesses  have  not  been  mapped  in  detail,  mantling  units  range  from  <1  c 

th'ck"ecomparison  of  radar  responses  to  volcanic  and  aeolian ' 1 P- 

HH  and  HV  polarizations  shows  that  unit  discrimination  is  reived now 
and  I -band  data  show  a greater  sensitivity  to  larger-scale  (>20  cm)  roughness  in  me  no 
ttumuli  pressure  ridges),  whereas  C-band  data  show  a bright  response  due  to  more  uniform 
small  scale  (<10  cm)  roughness.  The  direct-polarized  backscatter  is  due  largely  to > sin8j®‘ 
reaction  response^  surface  or  volume  scatters  of  a size  comparable  to  that  of  the  radar 
wavelength,  and  the  cross-polarized  radar  backscatter  results  from  multiple  surface  or  vo 

scattering  at  a range  of  roughnesses  (Fung  and  Ulaby,  lv83).  • . 

A greater  variation  in  image  brightness  is  observed  among  all  units  on  the  HV  images 
(Figure  2?  Lava™  are  generally  bright  at  HH  and  HV  polarizations  and  at  all  3 

wavelengths.  Most  of  the  smoother  alluvial  fan  and  playa  surfaces  are  f a^  ®n  ^'^d  ^d  HV 
HH  and  HV  images  Only  the  playa  surface  is  dark  at  C-band  wavelength  at  HH  and  HV 

polarizations.  On  HH  images,  moderate  variations  in  image  bnS^s^n  t^ Vm^e 
data  are  observed  but  the  flow  surface  is  almost  uniformly  t >nght  < du  the  ^band  image 
indicating  that  most  units  are  rough  at  6-cm  wavelength  (C-^ 

unmantled  lava  flow  surfaces  that  have  moderately  low  returns  at  P-  and  L'ba^  aaaT‘®  ,eTJ 
ihm Average  returns  at  C-band  are  those  of  the  platform  pahoehoe  flows  of  Phases  I and  II 
(near  Lavic  Lake  playa)  and  III  (near  the  flow  center).  These  smooth  surfaces  mayact  as 
spec ular  refleoors  at  the  ion ger  P-  and  L-band  wavelengths,  and  as  relauvely t smooth ^d.  fuse  y 

toucher  pans  of  Phase  II  and  III  flows,  it  is  difficult  to  distinguish  these  flow  types  based  on 
their  P-band  radar  brightness.  The  larger  scale  of  roughness  and  texture  that  the  P-band  radar 
is  responsive  to  may  be  comparable  on  these  different  lava  flows.  A similar  effect  s 
* t hrinH  HH  image  in  which  the  rougher  flow  parts  are  almost  uniformly  bnght  and  thus 
^dflficuU 3 However,  onTel-band  HV  image,  we  see  the  clearest  ^parauon  of 
different  flow  surface  textures  [e.g„  the  boundary  between  the  very  roug  ng 
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tME-SflC  INTENTION  AM  Y BGHNR 


sr rsssesr such  as  —• 

°f  th?,  o6°lian  ,mantling  deposits  on  the  western  margin  of  Pisgah  are  seen  as 
darkened  areas  at  all  3 wavelengths  and  at  HH  and  HV  polarizations  (Figures^  netsiiS 

examination  of  color  overlays  of  these  data  shows  that  peneSn  of  theaeolian  mande  mav 

„hriOC<fun?n^‘  Eor  exarr>ple,  areas  along  the  southern  flow  margin  and  west  of  Pisgah  Crater 

pas^ngfhroughTh^m^lr  "band  wav.eIengt'1S’  suS§esting  that  this  longer  wavelength  radar  is 

areas  west  and  southwest  of mrilmetyhigh' ffiteatttr  at  toth^andL1 

5iSS SKSSSsSSSS 

3 SSSr 

*™s‘ts  penetration  capabiltty  of  radar  to  estimate  the  thickness  of  the  mantfing 
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KEY 


Figure  1:  Schematic  map  showing  the  distribution  of  Quaternary  bas^c  lava  flows  and 
Recent  aeolian  mantling  deposits  at  Pisgah  lava  field,  CA  (after  is  , 


Figure  2:  Aircraft  radar  (AIRS  AR)  images  of  Pisgah  lava  field,  acquired  at 
and  6-cm  wavelengths  (P,  L,  and  C bands),  a center  incidence  ang  e o , 
direct  (HH,  left)  and  crossed  (HV,  right)  polarizations. 


68-cm,  24-cm, 
and  shown  at 
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OR!G?MAL  PAGE  !S 
OF  POOR  QUALITY 


FOR  piZIrm  AND  implications 

o^Sra^^^ 

flatter  slopes  and  a greater  proportion  of  steep  slopes  than  assumed  by  the  model. 

h_  • t R1r^ScSo1<r3e  valu,e^  for  the  measured  terrestrial  surfaces  ranged  from  0°  for  an  evaporative 

had  rms  slope  values  less  than  5°,  while  half  of  the  measured  surfaces  had  rms  slo^s  >l0o 

Mpecte^fr^pla^a^^i^rface^wh^^iffci^t  su^M^y^s°were  presentTn^hVfield'^vfevT 

Igglpiss^ 

Del  f fne°US  S“rfaCeS'  Wi'h  ,he  c°mbined  spectra  having  a broader  central 

Ss;v;s,ss3iasfaS 

radar  siVnfft^ nH tfiese/esu'ts  suggest  that  current  methods  of  determining  surface  roughness  from 

^fam%S3ss= 
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SHSillSsr- 

R.^ejurgwis\ejerVr^^lslon* Laboratory.  4800  Oak  Grove  Dr.ve.  Pasadena.  CA 
91 109. 

A critical  aspect  of  geological  inlXl?o^^  In  addhton  to  .he 

understanding  the  radar  backscattermg  _ extracted  from  radar  imaging, 

large-scale  geomorphologtc  information  typically tx  raoen  oMained  from 

constraints  on  physical  propeities  of  sui  . since  1972  the  Goldstone 

calibrated  values  of  radar  Venus  during 

Solar  System  Radar  has  been  used  baseline,  two-station 

inferior  conjunctions.  Early  obsOTabons^ernp  '>J  acqujred  with  a lhree- 

interferometer  system  (1  -2).  wh  geological  analysis  of  the  ensemble  of 

station  interferometry  tech"'Q“'  ' ' The  Goldstone  Venus  observations  are  unique 
data  has  recently  heat ' comple  ed  (51.  of  medium-to-high  resolution 

among  radar  datasets  toi  Venus  Vihnined  at  small  incidence  angles, 

image  data  (with  dewing  geometry,  the  cross-circular 

typically  less  than  g • , . . , noldstone  system  measures  is  sensitive 

polarization  backscattered  power  which  thte^?^S^"L.dne  process.  The  physical 
primarily  to  the  quasi-speculai  componen  - basicallv  limited  to  (a)  regional 

controls  on  backscattered  powei  in  this  i(h  Vadii  of  cu nature  greater 

slopes  which  affect  local  mcidence  angles,  b v of  the  surface" 
than  the  wavelength  (12  cm),  and  (c)  (Arecibo.  Magellan)  employ  much 

materials.  By  contrast,  other  imaging  . jn  s^me  cases  complicating) 

larger  incidence  angles  and  have  an  adc  ln  Jhis  study.  we  have  analyzed 

sensitvity  to  wavelength-scale  values  of  radar 

several  sets  of  Goldstone  Venus  image  tola  to  «"««  ^ found  in  the  equatorial 

backscattermg  cross-section  foi  a numbu  > g T that  extend  over  a range  of 

X the  radar 
k'own.  These  are: 

1.  Transmitted  power.  . 

2.  Antenna  gain  and  receiver  collecting  aiea. 

3.  Distance  to  the  planet.  . . ■ bv  estimating: 

* r5EriI;SEiaj=^  - 

power  profile. 

Once  these  quantities  are  known,  it  is  a [heg e m^i re^pheVTca^ cap  of  th^planet  being 
normalized  cross-section  (sigma  zel°  ..  . to  extract  the  value  of  sigma  zero 

imaged,  from  nadir  out  to  sow  an  f la.  < ft  ^ ™ recieved  at  that  delay- 

fDopXrnc^di„rSc^ed  m terms  of  the  average  cross-section,  and  then 
normalized  to  its  corresponding  surface  aiea. 
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1982.  were  uTedin8! hTanTvsk  an<l,Navkha.  obtained  in  1980  and 

aT^tes' g^aVe^fSS' «™> 

400  to  100.  corresponding^  a^ange  of  ™s  stole  o 2 VETtT  Va'UeS  S*T  from 

example,  a 600  km  rirlge^tructure  “S"-  F°r 

near  0.05.  while  the  surrounding  plains  value  is  near  0 I0Y  SimnS  h • ref1e5:t*y,ty 
topography  seen  in  the  north  on  Fulv  9 iosn  ck  ea  Similarly,  a ring  of  hilly 

0.20,  compared  to  the  surrounding  plains  vakie  of'ooT  Thtine  [he'fJ1  r^flect,’vity  near 
to  these  and  other  features  indicates  fha»  i • u* ' Htt,.ng  the  Hagfors  function 

data  are  controlled  IrimaTi^  *"  "*  Golds, one 

^.Sre^ 
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HIGH  RESOLUTION  RADAR  STUDIES  OF  IMPACT  AND  VOLCANIC 

PHENOMENA  ON  VENUS  AND  THE  MOON  ...  c , , 

S A Campbell  and  Peter  J.  Mouginis-Mark,  Planet^y  Geosciences 
of  Ocean  and  Earth  Sciences  and  Technology,  University  of  Hawaii,  Honolulu,  HI  96822. 


fNTRODUCI^M radar  observations  provide  the  opportunity  to  study  geograph  c areas  of 
Venuf  and  the  Moon  tLt  have  not  been  investigated  at  high  spatial  resolution  either  by  the 
l Trl Ts/i ^fi  ,narecraft^ for  Venus  or  the  Lunar  Orbiter  and  ApoUo  missions  in  the  case  of  the 

to^act  ^7vXmac^anS  g^^ysS 

radar  imaees  collected  by  Don  Campbell  at  Arecibo  Observatory  and  Stan  Zisk  at  Hays 
Observatory  * to  study  the  surface  roughness  and  dielectric  properties  of  geologic  units  on 
\r  Mnnn  Tn  the  case  of  Venus  we  utilize  dual-polanzation  images,  collected 

Venus  and  the  • describe  the  geometry  and  extent  of  volcanic  deposits  in 

invesrigationiias  concentrated  on  high-resolution 

studies  of  crater  ray  materials. 

A^ItiSnount  of  imaging  radar  data  was  collected  at  Arecibo  Observatory  during  the  1988 

were  collected.  A circularly-polarized  wave  was  transmitted,  and  both  senses  ol _ circuia 

• ■ ■ aA  ri\  wit*  have  n<;ed  these  Arecibo  images  to  study  Eisila  Regio, 

polarization  were  received  (1).  We  have  used  tnesenreciwimdg  { 

which  is  a broad  uplift  region  to  the  west  of  Aphrodite  Terra  This  includes  two  large 
volcanic  edifices,  Sif  and  Gula  Montes,  which  each  have  basal  diameters  of  -500  km. 

B)  The  lunar  data  were  collected  at  a wavelength  of  3-cm,  and  both  seuses  of  circular 

which  cover  about  30  km  in  range  direction  and  120  km  in  azimuth. 

1)  A region  immediately  southeast  of  Bessel. 

2)  A swath  across  Menelaus  Crater. 

3)  The  crossing  of  Copernicus  and  Tycho  rays  in  Mare  Vaporum. 

4)  A Tycho  ray  near  Rosse  Crater. 

5)  An  area  north  of  Copernicus  Crater. 

For  both  data  sets,  measurements  of  the  complex  radar  echo  allows  a Stokes  vector  tobe 
calculated  for  each  pixel  (either  from  several  looks  or  from  spatial  averaging  of  pixels).  The 
“n  thfstokes  vector  can  be  used  to  isolate  the  randomly  polarized  (diffuse) 
cwimonem  of^he^rad^S  eclmfrom  the  non-diffuse  return.  Previous  studies  (2)  showed  that 
areas  with  apparendy  high  double-bounce  geometry  could  be  discriminated  with  this  technique. 

Radar-facing  topography  is  thus  not  adequate  to  explain  the  behavior  of  the  crater  nm  deposits. 

The  second  type  of  radar  return  comprises  moderately-to-highly  depolarizing, 
modJattoTow  poison  ratio  echoes  seen  for  the  most  of  the  radtal  flows  front  S.f  and 
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™-^°?teS;lThere  ^e  SEatial  variations  in  radar  brightness  and  ratio  within  individual  flows 
consistent  with  possible  changes  m surface  morphology.  The  third  major  type  of  radar  return  is 

summit  o^Si^M™? hTPh° lanzatlo1nfratl°  echo  seen  for  the  dark  deposits  on  the  flanks  and 
summit  of  Sif  Mons.  The  central  features  of  these  deposits  are  typically  moderately 
depolarizing,  with  a low  polarization  ratio.  y ,Iluuerdteiy 

There  are  also  a number  of  features  that  do  not  conform  to  these  three  simple  groupings 
In  particular,  there  are  small  (10  - 50  km)  areas  on  Sif  Mons  with  high  depolarized ?rightnfss 
and  polarization  ratios  similar  to  the  darker  flows  around  them.  The  highly-depolarizing  low 
polarization  ratio  summit  area  of  Gula  Mons  is  surrounded  by  an  irregular  region  of  high! 

rT  Hlgh  P01,™10"  ratl°  terrain.  Finally,  the  100-km  long  feature  to  the  north  of 

Gula  Mons  has  a very  high  polarized  return,  but  minimal  depolarized  echo.  This  attribute  sets  it 
apart  from  the  apparent  lava  flows  which  trend  north  from  Gula  Mons. 


T Rt*ys-  The  area  in  Mare  Seremtatis  southeast  of  the  crater  Bessel  shows  a strong 
depolarized  radar  enhancement  associated  with  the  continuous  ejecta  of  Bessel  Crater  as  well 
as  a bright  trace  of  the  ray  which  passes  to  the  west  of  Bessel.  The  rays  have  a high 
polarization  ratio  (0.75  - 1.0),  indicating  a large  degree  of  cm-scale  surface  roughness  This 

l8-cmrad^ maps"^  Stf°ngly  enhanCed  dePolarized  echo  along  the  ray  seen8in  previous 

r . ST61™™5  (centered  at  20.0°N,  18.8<>W)  reveals  a number  of  continuous 

radar-bnght  linear  rays.  These  rays  have  significantly  higher  polarization  ratios  than  the 

indlcatin§  a lar§e  degree  of  cm-scale  roughness.  We  are  currently  using 
these  new  radar  data  to  extend  our  earlier  studies  of  the  Copernicus  ray  system  (4).  y g 

The  Rosse  region  (centered  at  16.5°S,  36.0°E)  represents  a Tycho  ray  at  a considerable 
fh^tan?e  from  its  source.  Only  a small  portion  of  this  ray  was  imaged  due  to  the  orientation  of 
swath,  but  a distinct  radar-bright  region  can  be  seen  associated  with  a group  of  Tycho 
secondary  craters.  Interestingly,  we  have  found  that  the  high  radar  polarization  ratio  fo/this 

brightnes^remains  quhe  Mgfu*  gr0llP  °f  SeC°"dary  a"d  ,he  dePolarized  radar 

FUTURE  WORK 

Further  investigation  of  the  Venus  radar  data  will  focus  on  detailed  mapping  and 
^^s^lca£on  °f  the  individual  geologic  units.  We  also  plan  to  integrate  these  radar  studief  with 
topographic  information  and  geophysical  data  derived  from  the  Pioneer  Venus  Orbiter  to  help 
improve  our  undemanding  of  the  style  and  evolution  of  volcanism  in  this  region  of  Venus  Fo? 

' ^ “ ® udl,“’ the  ra‘lar  lma8es  wl11  be  used  to  further  map  the  distribution  of  ejecta  deposits 
sociated  with  secondary  craters  and  to  assess  the  correlation  (or  lack  thereof)  between  the 

nhn^^3leS  wd  dlstnb,ution  of  ray  materials  as  identified  on  the  best  available  orbital 
h^  grf,Phy‘  We  a S°  'ntlend  to  investigate  the  effect  of  the  pyroclastic  substrate  on  the  radar 
backscatter  properties  of  the  Menelaus  ray  at  Sulpicius  Gallus. 
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4)  Pieters,  C.M.  et  al.  (1985).  JGR  90,  p.  12393  - 12413 


298 


___  , „ nvpT  amitTON  for  the  unusual  radar 

COHERENT  BACKSCATTER:  AN  EXPLANATION 

PROPERTIES  OF  OUTER  PLANET  SATELLITE  Planetary  Science, 

Bruce  Hapke  (Department  of  Geology  and  Plane  y 

University  of  Pittsburgh) 

The  radar  property lee  , of  .Eurcpa.  y ."^f^ed^by^a 

are  characterized  y ? amount  of  polarization  in  the 

diffuse  component,  and  a large^  ^ ^ waves  were  specularly 

opposite  sense  of  ^hat  Qinted  out  that  these  are  precisely 
reflected  once.  It  is  p collimated  source  illuminates 

the  properties  expected  when ^nate  medium  in  which  the 

a weakly  absorbing,  P distances  somewhat  larger  than 

scatterers  are  separated  by  ais^anc  . ± of  siiicate 

the  wavelength,  such  as  a c^mparable  with  the  wavelength 

rocks  an/or  voids  of  si  P • lized  structures  are 

imbedded  in  an  icy  matrix.  front  that  are  multiply 

required.  Portions  °f  t that  traverse  the  same  path 

scattered  within  the  medium  ^antS  in  the  backscatter 

in  opposite  directions  com  i intensity  The  enhancement 

direction  to  produce  an  increased  \ „ized  reflected 

is  different  for  the  two  components^  o^pola^iaed^ 

radiation  and  appears  to  be  « t^  ef(ectg  are  contlned  to 
polarization  r®tr°s-  ™ th  direotion  of  angular  width 

a peak  centered  on  the  backscatte  ^ D ls  the  photon 

A/2tiD , where  X ,1S  J“ne  ,.  Ri  static  radar  observations 

diffusion  length  in  the  medium. ^ ^jSmation  ^ the 

structures  ^o^the  rlgol  Iths  ThU  same  i^the 

shirp^ppSs^iireKecSs  observed  on  outer  planet  satellites 
at  optical  frequencies. 
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Survey ^Menl^Park^CA,  F940^5^and^T*^W  ^Thom*  °*S*  Geolo<?ical 

Tech.,  Jet  Propulsion  Laboratory,  Pasadena, PCA?'96oiif’  IOSt' 

12 . 6-cnihcontinuous-waVe  ?adio~transmif 6 ' for.Mars  based  °n 
the  planet  [1,2].  Submodel m ions  b?ckscattered  from 
m polarized  and  depolarized  total  raS  ®atches  the  variations 
longitude  observed  by  With 

yields  echo  spectra  t-hai-  av-«  „ 111  ,;86  . ?n9  7 S.  and  (2) 

spectra,  with  some  departures96”6^  ly  Slmilar  to  the  observed 

that^rTLS6^  int°  radar  *aP  units 

map  units  are  further  subdivided  usL  t2J;  the  radar 

Thermal  inertias  arl  uled  blcfuse  Se9™?™- 1 inertias  C33. 
sufficient  to  account  fnr  fuf  bhe  geologic  units  are  not 

reflectivities  and  theraaltinartf?1’SPeCUla^  echoes  a"d  normal 
along  7“  s.  (Fig  1A|  aTd  „l  3S  Positively  correlated 

uplands  and  plains  units  [,4'5.'’  For  cratered 

as  A*cos [ theta ] (where  [theta!  ifeth»afnZ*a'eCh°  strengths  vary 
a parameter  assigned  to  the  r-aHa»-  incidence  angle  and  A is 

degree  basis) and  polarized  df?f^L”aPwUnli  °n  3 de9ree  bV 
3 *A*cos  f theta  1 pSr-  d flf fVse~e<rho  strengths  vayr  as 

polarized  diffuse-echo  stre™th*CvUnitS'  dePolfrized  and 
specular  echoes  were  computed  usinc^Han?  A*^os  [theta].  Quasi- 
( integrated  from  -30°  to  *+30°  theta?  Hagfor.s  scattering  law  [6] 
depolarized  echo  stren^Lt  the\a)  • Assignments  of 
mean-sguare  (rms)  slopes  for^^^ad^160^^^*63'  and  root~ 
previous  experience  r 2 1 ther-mai  .adaf.maP  units  were  guided  by 

from  analyst  [3]'  and  the  results* 

were  adjusted  by  trial  and  error-  ^^5°  sPectra  and  then  they 
coansa  acaie  t£££y*2  noTL^fi^^^  ^ 

cratered^plands  1^background )*del ' f 6 ’’  (1)  30  extensive 

cross  sections  (0  01)  VeraL  with  weak  depolarized-echo 
normal  reflectivities  ro  nS?  ^S™3!  lnertlas/  moderate 

(2)  the  volcanic  units  (Qf  thi ' ThSrsis  El^Ii^5  Sl?PfS  (4*°°); 
regions  with  stronq  deoolarired  ' Elysiuin'  and  Amazonis 

0.133),  low  thermal  inertiai  low  ^rSf?SS  ;fctions  (0-04- 
0-050),  and  large  rms  slopes'  (l-20°)  and  73)7^^  (°-°25~ 

mndera?e  t0  lar9e  nor"»1  bbWbbtivitiJ^fS^ys^6™31  ln^rtias- 

moderate  rms  slopes  (3-5°)  ArahiaYL  (0* 075-0. 15) , and 

upland  that  is  mantlid  by  'dust  has  a 1»  “nit  of 

cross  section  (o  007)  i ™ f • 1 W deP°lanzed-echo 

reflectivity  (0  05?  4nd  La??  al  laertia'  s®aH  normal 

additional  radar  map  units  - about  14?  in'ai?  )-  "it”  are 
our  model  does  not  include  an  , . At  thls  time, 

the  vicinity  of  western  Pavonic^M  °rial  region  extending  from 
that  has  noyn  if' ■ «a?itia 

strong  ones  from  the  poles  observed  at  3 . (7). 
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radar-echo  MODEL,  MARS:  Moore,  H.J.  and  Thompson,  T.w. 

Like  the  observations,  model  total-polarized  =*0  cross 
sections  vary  with  longitude  as  a two-c^olecu^e  with  maxima 
npar  30°  and  240°  W.  and  minima  near  130  and  330  W (Fig*  IB)  , 
moSl  2otal-depolarized-echo  cross  sections  vary  with  longitude 
as  a one-  cycle  curve  with  a maximum  near  135  and  a 

ar  330°  W f Fiq  1C) ? and,  the  ratio  of  total-depolarized  and 
total-polarized^  cross  sections  (mu)  vary  with  longitude  as  a 

°ne~Model  polarized- * and’ depolarized-echo  spectra,  as  well  as 
ratios  of  the  two,  resemble  those  that  are  observed  (Fig.  2A,B, 
2c  n * and  2E,F,  respectively).  For  smooth  regions  wi 
moderate  thema  1 inertias  and  normal  reflectivities  the 
central  parts  of  polarized-echo  spectra  are  dominated  by  the 
quasi-specular  parts  that  form  tall,  narrow  peaks  and  that  rest 
upon  low,  broad  domes  of  the  diffuse  echoes  (Fig.  2A) . In 
rough  regions  with  low  thermal  inertias  and  sma^  ks 

reflectivities,  the  quasi-specular  echoes  form  low  broad  peaks 
that  rest  upon  and  merge  imperceptibly  with  the  broad  domes 
III  dI??usePpart  of  thl  echoes  (Fig.  2B) . Like  the  observed 
spectra,  the  forms  of  the  polarized  diffuse  echoes  tend  t 

mimic  the  depolarized  echoes  except  "earft^eC®^!^  • ZH  Echoes 
-nprtra  where  the  quasi-specular  parts  of  the  polarized  ecnoes 

totally  dominate  the  spectra.  Depolarized  spectra  dominated  by 
uplandand  plains  are  weak  (Fig.  2C)  while  those  inching 
volcanic  units  are  strong  and  peaked  (Fig.  2D).  F?r  J:h*  ™odel 
and  observations,  ratios  of  the  spectra  of  depolarized  and 

polarized  echoes  are  similar  (Fig.  2E,F).  , u 

P Several  aspects  of  our  model  are  instructive  and  relevant 
to  the  interpretation  of  radar  echoes  from  Mars.  These  aspects 
are  related  to  the  sizes  of  the  heterogeneous  radar  map  units 
and  the  areas  sampled  by  the  radar,  and  the  way  in  which  the 
radar  samples  the  surface;  for  example:  (1)  quasi-specul 

echoes  from  horizontal  surfaces  may  be  asymmetrical  with  peaks 
displaced  from  zero-doppler  frequency  when  the  radaJ.s^P^ 
adjacent  units  with  different  roughnesses;  (2)  quasi-specular 
echoes  from  very  smooth  areas  with  embedded  very  rough  areas 
maybe  so  dominated  by  the  smooth  areas  that  the  rough  areas 
are  not  revealed  in  the  spectra;  and  (3)  the  diffuse  parts 
the  polarized  echoes  may  contribute  substantially  to  the 
polarized  echoes.  Careful  examination  of  observed  echoes  sh 
that  the  surface  of  Mars  is,  like  our  model,  heterogeneous. 
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Numerical  Modeling  of  Radiowave  Scattering 

R.A.  Simpson  and  G.L.  Tyler,  Center  for  Radar  Astronomy 
Stanford  University,  Stanford,  CA  94305-4055 


Radiowave  scattering  is  an  effective  tool  for  remotely  studymgptanetary  surfaces, 
particularly  at  surface  scales  comparable  to  and  somewhat  larger  than  the  radio  wavelength^ 
Numerical  techniques,  in  combination  with  rapidly  improving  computer  technology,  now 
Drovide  an  alternative  to  conventional  analytical  interpretations  of  scattering  dat  . 
Relatively  simple  and  robust  algorithms  allow  us  to  model  physical  processes;  we  construct 
solutions  to  relatively  complex  problems  from  coherent  addition  of  more  elemental  resu  ts. 
Although  there  are  but  a few  analytical  solutions  which  can  be  used  for  checking,  the  clarity 
withwhich  the  problems  may  be  stated  plus  an  understanding  of  the  computer’s  numerical 
limitations  provide  assurance  that  the  results  are  correct. 

Numerical  calculations  will  be  of  value  in  interpreting  planetary  radar  data  such  as 
that  expected  from  Magellan.  Toward  that  end  we  have  previously  obtained  and  adapted 

s^veral^n  ume rical^des , including  the  Numerical  E.ectromagnet^Co^  Zulanl 

Lawrence  Livermore  Laboratory.  NEC  permits  evaluation  of  scattering  from  virtually  any 
obtec/ That  can  be  (approximately)  described  in  terms  of  300  or  fewer  wire  segments  or 
small  plates  Relatively  large  scatterers  may  be  studied,  but  the  component  wires  or  plates 
must  remain  less  .hen  X/10  in  size;  otherwise  fundamental 

triral  nhase  across  individual  elements  are  violated  (\  is  the  radio  waveiengtnj  ne 
(present)  constraint  of  300  elements  sets  strong  limits  on  the  dimensions  of  objects  having 
arbitrary  shape  We  have  studied  scattering  from  "small"  individual  cubes  cylinders  (tuna 

cans)  and  spheres  »7'%7erc79'8a,c,e1r^c)  mat'  when 7is  dlenlton  is  less 

heatha^nir,h'e1o^;a,I8s^l,9le  tara^  can  be  distinguished 
from  their  scattering  patterns.  Our  results  for  these  calculations  are  consistent  with  both 
analytic  solutions  and  intuitive  understanding  of  changes  expected  when  scattering  objects 
become  small  compared  with  the  probing  wavelength. 

Scattering  by  two  or  more  bodies  (such  as  by  a collection  of  rocks)  is  c°n^lder^^ 
more  complex  in  an  analytic  sense.  Not  only  must  interference  effects  be  inc  ude^  buMhere 
will  be  coupling  so  that  each  body  actually  influences  the  responses  of  its  ™'9hbors. 
Numerically,  however,  the  same  physical  principles  can  be  applied  as  with  one  toby- 
have  constructed  numerical  models  of  "rocks"  from  wire  elements  (F,gu re  l) , rep! '^a  ed 
these  and  then  calculated  the  scattered  field  from  both  mdividua  targets  and  from  pa  s. 
Our  objective  has  been  to  estimate  the  "error"  introduced  by  coupling  phenomena  as  com- 
pared to  a simpler  calculation  in  which  only  interference  is  considered. 


Figure  1:  Model  "rock"  constructed  from  wire 

segments.  Some  wires  mimic  great  circle  arcs  in 
longitude,  but  polar  caps  have  been  truncated. 
Substitution  of  simple  cross-hairs  at  the  poles  reduces 
artifacts  resulting  from  our  imperfect  model. 
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Figure  2:  Geometry  for  scattering  calculations. 

Two  spheres  are  shown  on  the  x-axis,  equally  spaced 
py  L from  the  origin.  Angles  0 and  + define  direc- 
tions to  the  transmitter  and  observer;  for  calculations 
reported  here  the  source  was  located  on  the  z-axis. 


2 


,„nm  7h®  geometry  for  these  calculations  is  shown  in  Figure  2.  We  assumed  two 

betoeenTJ,^^  - '>f  dis's"<* 

in  direction  m-n  *-n\  Q_fl,  ♦»,  1 5m,I*er  is  on  the  z-axis,  the  observer  (receiver)  is 

...  0s.<t>-O).  Both  the  source  and  observer  are  assumed  to  be  at  larae  distance 

" m e asu^e^th e°  scattered  "d 


thought d^ops  lor'sS^e'i th^T"  ^ * °"  » ZJSZ&Z 


added  fte  re^lt?kTMl8d-  *?a,,e,ed  ,lelds  «P»aed  from  each  sphere  separately  and 
- flf  , resu,ts-  T^s  yields  the  constructive  and  destructive  interference  exDected  hut 


f e re nce^i j^e x pected  'wh ^ t h e^ franem •»  f 3 ™asure  of  the  coupling  effects,  since  no  inter- 
.he  simple  !ZT ' 

aioe9  the  as  whl’s>,5Lr  sarsr  & ss  s »£ 

^ie^ 

can  obtain  a solution  at  10-30-/0  accuracy  for  some  simple  cases  expecfed  in  StaStS 
experiments  is  encouraging.  This  indicates  that  coupling  among  at  least  electricallv  small 
discrete  ob,ects  (such  as  centlmeter-sized  rocks  on  VenSs  when  £o£d by  Magellan  rS 
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sianals)  may  not  require  elaborate  or  time  consuming  calculations  - that  the  response  of 
an  ensemble  can  beobtained  to  reasonable  accuracy  by  simply  summing  the  scattenngfrom 
the  individual  objects.  Calculations  for  the  broader  parameter  space  described  above  will 
refine  our  understanding  of  the  degree  to  which  the  simplifications  can  be  applied. 


Figure  3:  Electric  field  strength 

(squares)  and  percent  error 
(diamonds)  from  numerical  calcula- 
tions of  scattering  by  a pair  of  model 
"rocks"  (diameters  - X/n);  both 
quantities  are  plotted  to  same  scale  on 
left.  Error  values  give  the  difference 
between  the  exact  E-field  solution  and 
one  in  which  the  responses  of  two 
separate  spheres  were  simply  added 
(no  coupling  assumed).  Oscillations  in 
E-field  show  constructive  and  de- 
structive interference,  with  minima 
more  closely  spaced  as  viewing  angle 
es  increases  for  orientation  shown  in 
Figure  2.  For  panel  (d)  the  spheres 
were  placed  along  the  y-axis.  Lines 
connecting  diamonds  are  to  assist  in 
distinguishing  data  types;  particularly 
at  large  separation  distances,  not 
enough  values  have  been  calculated  to 
show  all  oscillations. 


Simpson,  RA,  and  G.L.  Tyler,  Numerical  modeling  of  radiowave  scattering,  Bull.  AAS  20 


838,  1988. 

Simpson,  R.A.,  and  G.L.  Tyler, 
Planetary  Geology  and 


Numerical  modeling  of  radiowave  scattering,  in  Reports  of 
Geophysics  Program  - 1988  (NASA  Technical  Memorandum 


4130),  296-298,  1989. 


305 


CHAPTER  8 


FLUVIAL,  PERIGLACIAL , AND  AEOLIAN  PROCESSES 
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The  Martian  poiar  layered  deposits  ate  widely  " “ 1 ^To—TwSo^ 
silicates  but  the  relative  amount  of  each  component  is  variations  in  the  deposition 

among  Mars  researchers  is  that  the  deposits  were  form,  d by  pe^  1982).  It  is 

of  dust  and  ice  caused  by  climate  change Pover  the  ™ * *7  d ^ ^ ^ d ts 

assumed  here  that  water  ice  is  an  evolution  of  the  north  and  south  polar 

were  formed  by  eolian  processes,  and  that  the  origin  <u 

deposits  were  similar.  on  m exposure  of  layered  deposits  within  the 

Maximum  slopes  of  10-20  degree  _h„t„ri;nnmetric  technique  was  used  to  produce 
south  polar  residual  cap  of  Mars.  A new  P Mar-  er  n images  (Herkenhoff  and  Murray, 
profiles  of  slope  and  albedo  using  ^ reSo  u ^ the  photoclinometric  solutions,  which 

i^ScXS.Wdr.o  the  Mars  (Toon  e«  al„  1980 

HnfJ^^^ 

t SST  ST.  ire  iron,  hrnher  snh.inrarron, 

stabili^g  the  layered  deposits  against  r^iderosi^  in  the  southern  layered 

Five  color/albedo  units  have  been  recogmz  measured  and  modeled  in  order  to 

deposits  on  Mars  (Figure  1).  Shadow  br^hmesse  ^ albedo  and  color  of  the  surface 

correct  for  the  effects  of  be  mantled  by  red  dust,  except 

(Herkenhoff  and  Murray,  1990a).  „Ttmderlying  bedrock.  Frost  and  bare 

in  many  areas,  some  of  which  appear  ,o  he 

younge^th^n  Oie^surroun^^  ^jJ^si^^^^weverf the^ffemnCM  ^^^^^and^o^or^hetw^en 

non-volatile  component  of  the  P°  deposits  in  the  south  polar  region  and  the  association  of 
mantling  dust  and  exposures  °£  laye1®®  depos  m^  ^ md  WeitZ)  1989)  mdicates  that 
dark  dune  material  with  the  north  polar  m \hc  deposits.  The  dark  material  may  be 

there  is  at  least  a minor  component  of  _ below.  The  dark  material  must  either  be 

either  sand  or  dust;  each  possibility  , Henosits  or  occur  in  layers  or  lenses  less  than 

intimately  mixed  with  the  bright  Orbiter  images, 

a few  meters  in  size,  or  they  would  be  visib  e g layered  deposits  can  account  for  the 

The  presence  of  small  amounts  of  dark  sand  ^ Weitz,  1989). 

dark  dunes  that  appear  to  have  sources  in  ‘^transport  sand  into  the  layered 

Poleward  circulation  durrng  the  summer  hvoothesis  is  the  eolian  codeposition  of  sand 

deposits.  The  most  significant  problem  with  h^  hypoth^s^  ^ suspensi  by  even 

and  dust  in  the  polar  regions.  It  is  mutely  transported  by  saltation  (Thomas  and 

much  denser  Martian  atmosphere,  so  th  sustiension  hindering  codeposition  of  sand 

Weitz,  1989).  Saltating  sand  wou  eJ^  have  sahated  over  frozen,  cemented  dust  toward 
and  dust.  Although  small  amounts  of  sand  y consideration  of  alternative  hypotheses.  A 

theory'for  faye^^h  fol^ton  and  evolution  involving  oriy  dust  (bright  and  dark)  and  tee 
is  proposed  below . 
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PAGE  30%  INTENTIONALLY  BttNK 


Figure  1:  Violet  vs  red  Umbert  albedo  for  4 surface  units  in  the  vicinity  of  the  south  polar  residual  can  Unir  t 
(pcrtar  frost)  has  hxgher  albedos  and  plots  outside  this  figure.  Error  bars  represent  13%  uncertainty  in? absolute 
albedos,  sampling  noise  in  5 x 5 pixel  areas  in  red/violet  mosaic.  Y abSolute 


- w *?°W  dark  dust  in  the  layered  deposits  form  the  dunes  observed  in  the  Dolar  reviom? 
Sublimation  of  dust/ice  mixtures  has  been  shown  to  result  in  the  formation 0Pf filmfnT 
sub  imation  residue  (FSR)  particles  about  100  microns  in  size  (Storrs  et  al  1988)  Such 

eSln  Cfal0n8  Mattian  SUrface>  311(1  may  therefore  create  dunes  (Saunders  et  a^ 

red  liahtWh  dCtJ°  u0"]!  s^tat,ng  material  by  this  mechanism  that  is  at  least  3 times  darker  tin 
Ztl  to2  ,h3".^e  b?fht  dust  that  mantles  much  of  Mars,  dark  dust  grains  mus^preferSialW 

sss 

I/'  ^oV°^Sltr  38  the  m3«netic  material  on  the  surface  (Hargrav^/.^’-  Pollack  et 
.,1979).  Within  the  uncertainties  of  these  measurements  the  percentages  of  mnon^tkn  » • i 

given  above  are  identical  to  the  volume  of  dark  dune deoos’it? in^h?.S J S ma  enal 
marSettage  er°,ded  Iaye.red  dePosits  <Table  0-  This  comparison  indicates' ^hTthe  presenc^ 
?sT^“p1auS,fHelayeKd  deP°SiK  * “*•  “d  ,ha'  »f  — duneSda£ 
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In  summary,  weathering  o, 

for  the  geologic  relationships  observe  . lE-iaht  red  dust  with  small  amounts  of  dark  dust  or 

layered  depose  appears  to  consist  at  the  Viking  Lander  sites,  may 

sand  Dark  dust,  perhaps  similar  to  the  magnetic  ^ . of  the  deposits.  Once  eroded, 

preferentially  form  filamentary  resi dunes  foulld  in^th  polar  regions^  Eventual 
these  particles  may  saltate  to  6m”  ’ ^vding  of  the  dark  dust  into  the  layered  deposits  via 

fo/the  origin  and  evolution  of  the  layeied  deposits 

consistent  with  the  available  data. 


REFERENCES 

Carr,  M.  H.  (1982).  Periodic  climate  ch^ge  or i Mars:  Review  of  evidence  and  e ects  on 
Hargraws^i^UB^nD^V^*CoWm^on^^^^A^^^|hJ^^  / <^nptys.S/?es^84,  8379^38^^nC*1^ 

HerkenEXMT  C.  "J& ^ ^ S°"'h  ^ " 

deposits  on  Mars.  J Geophys.  , resolution  topography  and  albedo  of  the 

Herkenhoff,  K.  E.  and  C.  Murray  (1 W Pss  ( Mai  special  issue). 

HofstadrerX^^  cST,^  IX-  and  rheology:  hnplications  for  the 
Maitian  polar  layered  deposits.  lc<gu?J™ ^c^tcm  and  D.  Pidek  (1979).  Properties 
^p^cle^^ndedt'tS  Martian  Atmosphere  7 GeopHy,  R'S.  84, 

Saunde^rs96'  T.  . P*  * °to  SXctcumH^md.  ‘IKS 

Transformation  of  polar  ice  sublimate  resume 

J>*  Mem  87W  300r302.  ^ ^ B Stephens  (1988V  The i formation  of 

Storrs,  A.  D.,  P*  P*  ’ . , /con\  from  niincr&l  crsuns.  Icarus  76t  493  51 

filamentary  sublimate  residue  ( ) ^ Relation  to  large  latitudinally  zoned 

Thomas,  P.  (1982).  wmfvf  ” V09WOOO8 

TTmmas"^.  Weto (it)  £ne  saiid  materials  and  polar  layeied  deposits  on  Mam. 

Toon,  otl'k  Pollack,  W.  Ward,  1.  A.  Bums  and  K.  BUski  (1980).  Hie  astronomical  theory 
nf  climatic  change  on  Mars.  Icarus  44,  55 


Table  1 


Quantity 

Fraction 

Reference 

Magnetic  material  in  surface  fines 

1-7  % 

(Hargraves  et  al.,  1979) 

1 % 

(Pollack  etai,  1979) 

Opaque  phase  in  atmospheric  dust 

Volume  of  dark  dunes/volume  of  eroded  polar  deposits 

1-10% 

(Thomas,  1982) 
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CONDITIONS:  RESULT^OF^IE  DUSTBC<mRI  RUNSNDER  MARSLIKE 

Jeffrey  M.  Moore,  Department  of  Geology,  Arizona  State  University,  Tempe,  AZ  85287 

providto/rE -Ke^Aonmenr1, ('°  mba^of  C^a^25S0™K)torTrlah  ' 2?X“rev  by 

the  3 mbar  CO2  atmosp^re  tawTn  he  samnte  S ?*“£“  ,s«P<>fd-  A pump  can  circulate 
finger.  T^e  tiS  expenS 

&,Cdeus”,,h  3 bU‘k  °f  0 49  * Cm'3’  with 

Measurements 

con^c^ed^^ui^g^achhexDCTimen^Ihp6^  ft  ^ a”d  5 “ experiments  have  been 
determined  for  four  environmental  conditions-1*!  Visnth8*6  °fa  dust-covered  sample  was 

fiff,  2)  isothermal  sample  wkh  £ dre n ation  San’Pl'wl,h  the  circulation  pump 

24-hour  period  with  the  SMSS'SSXS'?;  ^mpKeSte^ab^  f°l  T 
circulation  pump  on.  The  samole  was  allowtfti^  » samP,e  neated  from  above  with  the 
and  fourth  conditions.  P d l°  return  to  3,1  ^thermal  state  between  the  third 

change  in  sublimation  rate  of  an  isothermal  f-Ot)  °rvt  n,m.i„  <- 
dust-cover  thickness  when  the  circulation  nnmr«  ;c  «•  • ^ sample  as  a function  of  increasing 

be  fit  to  the  data  with  the  form:  P P ~ 1S  Very  sma 11  An  exPonential  curve  can 

Sublimation  rate,  isothermal,  circulation  off  (in  lO9  g s1  enr2)  = 

1 82. 1 3 x 1 0(- 2 554 1 x 10A-  2)  x Dust  cover  thickness  (in  mm) 

is  on.  In  the  case^f  dran\a^cally  when  the  circulation  pump 

185  x 10-9  m 1426  xlO^g  ? m°?t  a factor  of  eight  (from 

isothermal  samples  with  the  circulation  nnmn  on  ic  ^creasing  dust-cover  thickness  on 

than  that  under  isothermal/circulation  of&onditions  ThfrekSc?  Y Y slightly  greater 
functional  form:  — °nS'  * ae  re*ah°nship  also  has  an  exponential 

Sublimation  rate,  isothermal,  circulation  on  (in  10-9  g sl  cm'2)  = 

1 47 1 .5  x 10(‘  7-345  x 10*.  2)  x Dust  cover  thickness  (in  mm) 

hours)  and  the  YculaioT m ^ ff  ^ subsmn tfal  ^°m  ab°VC  (ia  these  experiments,  for  24 

for  both  the  clean-ice  and  ^mm-th^k  Y “ subIimation  ™e  was  observed 

discussed  environmental  conditions.  However  wiThincreas^ne ! d^ro  Y v t Previously 
mm)  the  sublimation  rate  of  heated  samples  without  rimniot-  ^ ^ust  cover  thickness  (>2.5 
of  isothermal  samples  whh  circulation,  by  a faooFSf  ~20-21“ 

Sublimation  rate,  heated  sample,  circulation  off  (in  10'9  g s~]  cm'2)  = 

2662.7  x ICK'0- 15745)  x Dusl  cover  thickness  (in  mm) 

highest  rate  of  sliblitratio^forVg?^^  circulation  results  in  the 

■n  eve0'  case,  the  sublimation  rat? doubled  Kht 
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ro'KeC“ 

Sublimation  rate,  heated  sample,  circulation  on  ( ^ x j-)USt  COVer  thickness  (in  mm) 

5152.0  x 1VJ  ^ b . , , . . 

The  measurements  and  associated  raws  ^ ^he  convergence  of  the 
thickness  and  sublimation  rate  arc  less  tha  PP^  towJds  two  values,  one  corresponding 

to ^ndition^wtih3 amiospheric  circulation  and  one  without,  is  interesting  but  must  be  ven  le 

experimentally . 

Discussion  ..  1U,  thp  o.rhiimation  rates  of  ice,  both  exposed 

A number  of  studies  have  modeled  theoretically  t ^ Jakosky)  1990)  and  covered 

(e.g.  Ingersoll,  1970;  Wallace  ^nJ.^afa?Qo3.  7^nt  et  ai  1986),  under  a variety  of  martian 
(e.g.  F^mer,  1976;  CUfford  and  HiUeUm  by  thi$  investigation  to 

these  studies  were  used  to  calculate  a subl.mat.on  rate  usmg 
Etching  the  conditions  rfdte  „sing  an  expressio„  employed  by 

IngmlHW  and  subsequently  used  by  many  investigators,  winch  as  used  m th.s 
investigation  has  the  form. 

jc  = 0.17  (Ap)Dom[(Ap/p)g/v2l  1/3 

where  Ap  is  the  difference  between  total  at  the 

vapor  at  the  surface,  (Ap  / p)  is  the  ranoofthe  ^f^.^ensity , D0m  is  the  ordinary 

for' water  vapor  in  C02,  i)  is  the  kinematic  viscosity  of  C02, 

fox^- ssion 

from  Farmer  (1976),  also  generally  adopted  by  subsequent  invest  g 

jd=  DkVMw/riKTL 

where  Dk  is  the  Knudsen  diffusion  ^e  mol« 

layer,  V is  the  saturation  vapor  pressure  of  ice  f°  g P temperature  of  the  gas 

Of  water,  n is  Avagadnf  s number,  K ts  ""  “a„  fee  path  length  of  a mixture 
a.  the  surface,  and  L is  the  thickness  o f the  dust  whkh  is  an  order  of 

of  H20  and  C02  at  3 mbar  a.  -20  C was  calculated  ^ ^ ^ Hmd  ( ,,g3)  for 

magnitude  larger  than  the  effective  P°r®  deposited  from  suspension.  Gas  diffusion 

SEST V&  ^sTcot^r  of  Smtio  of  pore  & to  the  mean  fee  path 

icnsr:sir  r ^ 

measured^  suMbnadon^rme?  the°  QveJ^i^themal°sampl^w^^usedS 

circulating  (via  the  operation  of  t e C1  above  the  sample  past  the  cold-finger  and 

The  circulation  pump  cycles  the  .enP^™'^^^  qydg  ^equivalent  to  a "surface"  wind 

^ tha- ,he  rate  at  which  H2° vapor 
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SUBLIMATION  RATE  (in  JO 


results  of  the  rapai^  10  3 Stl11’  desiccated  c°2  atmosphere.  The 

ttnThVtr^  be  mom  conducive  to  ice 

experimentally-determined  sublimation  rate  s one  sNrh  thL^  f L'S  the  actual  case:  the 
expression  for  clean  ice  sublimation  rates  TheTeorett^an?0?  ^ ?Slng  Ae  111051  common 
rate  of  tee  under  a dust  cover  appear  to  converge  wfth  w,  **  V,aJues  for  the  sublimation 
sublimation  rate  of  ice  under  5 mmof  dust  hSl  “creasing  layer  thicknesses.  The 
prediction.  Although  it  is  tempting^  to  attiSut^fhP^iffV^Ue  1S  one  ^ the  theoretical 
experimentally-measured  subliSn rate? to the ^fnabnftvn^tW?rrthe  theoretical  and 
desiccate  the  atmosphere  in  the  chamber  the  traDoin?  ^ C£  d fi?gcr  to  comPletely 

other  experiments  to  be  much  greater  than  neceiL™  t^r  y huS  been  determined  through 
evolved  during  these  experiments.  ar^  emove  the  small  amounts  of  water 

Results 

greatly  lower  the  ™osare  : (?)  eyen  thin  layers  of  dust 

thm  layers  of  dust  only  mildly  suppress  the  snhlfmar  substrate  being  heated  from  above,  (2) 
when  sample  is  wholly  isothemaJPP(3)  even  a low^lu^He?6  °»  !T  und?rlying  ice  substrate 
surface  significantly  increases  the  sublimation  3 ^ g3S  flow  over  the  sample 

sublimation  rates  are  within  an  order  of  magnitude  but  defin^telvV611  sa!”PIe’  and  (4)  actual 

predicted  from  theoretical  treatments.  ^ 1 de“nite*y  lower  than  sublimation  rates 


ruff  a pw 

289;  Haberle,  R.M.  and  iB. M .^osk^ 0 990)  f C*B'  (1976)’ Icarus'  28>  279- 

Science,  168,  972-973;  Moore,  J M (1989)  inRsnortc^Pi  9~  1423  l437;  Ingersoll,  A.P.  (1970) 
Mem.  4130,  346-348;  Moore.  J.  M.  and  M^C.  - 1223.  VASA  Tech. 

1921,  NASA  Tech.  Mem.  4041,  133-134;  Wallace  D and  C kao  ~ glanetarX  Geology  Program  - 
F.P.  Fanale,  J.R.  Salvail.  and  S.E.  Posawko (me)! IZ  67  1^6  ^ ^ ***  A P > 


- -o-  - Heat  Lamps  ON 

CixcukooD  Pump  ON  1 INTEGRATED  OVER 
> HR  ST  24  HOURS 
' - Hcat  Lamps  ON  J OF  CONDITION 
Circulation  Pump  OFF 

— •—  Heat  Lamps  OFF 

Circulation  Pump  ON  I INTEGRATED  OVER 
f TOTAL  TIME 

~e> — Heat  Lamps  OFF  J OP  CONDITION 

Circulation  Pump  OFF 


- THEORETICAL 
PREDICTIONS 

ACTUAL  DATA 
(Heat  Lamps  OFF 
Circulation  Pump  ON) 
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Ancient  Glaciation  on  Mars  J.s.  Kargel  and  R.G.  Strom,  Lunar  and  Planetary  Laboratory, 
of  Arizona,  Tucson,  AZ  85721 

Photogeologic  evidence  lor  widespread  ancient  1 'jjjf “SfeoSs? of  theUSGS  1 :2  million 

,h0  m°"M>  ^ °'  * °'0ba'  hydr0lOE"C 

"Cl:  1 is  a gladdoglcal  map  of  a region 

most  startling  feature  in  this  region  is  an  anas  om  9 567B30-35)  Is  fluvial  In  character  and  mus 

Sn  d this  ridge  system  (Viking  Ofbit?' far^  can  not  generate  this  patte  n)_ 

therefore  have  an  underlying  fluvial  explanation  ( alaclal  eskers  has  been  previously  noted 

The  possibility  that  similar  ridge  systems  el lse^be'®.°,  « )aYecl  down  on  the  surface  of.  within,  or  beneath 
f2l(eskers  are  stream  deposits  of  sand  and  9r^  . 9 . SUDp0rt  by  the  similarity  In  length,  height,  widt  , 

Sgnanr.  ms, ling  glaciers^  Thsesksrhy^hs^lsK  compared,o,arge  terrestrial  eskers 

if  considered  with  a terrestrial perspective .are d^*0^jL  as  £nd  aJSes9  with  intetvening  valleys  mantedby 
appear  to  be  a classic  glacial  assemblage  of  horns,  q • og^^n.  is  intimately  associated  with  a region 
inhate  debris  aprons.  A prominent  cirque  near  54  3 * * _ l deooslt  (sandur  plain).  Another  region 

of  fluvial  deposition  and  erosion  Interpret^  to J^£r*l  emanates  from  a large  glacially  modified  valley 

£ rSur£,a:Sirin,ne,preled  heigh,  of  the  ancient  Ice  age  The 

ecoSo«^^ 

of  time  elapsed  between  the  Argyre  Impact  and  theg  P . , displaying  fresh  ejecta  and  sharp 

“mVhere  are  seven  fresh  Impact  craters  largwtfa" Q,  the  glacial  epoch 
rims  and  lacking  any  signs  of  glaciation,  suggas  9 Y seven)  covers  about  a third  of  Argyre 

Entities  oHce^ntralned  In  the  ejecta  Itself  la,f  ^f07he“eS  d Ice  sheet  and  the  stranding  ol 

large  bkicksof3 l^orf Argyre  F^dll^^ame^MBSS).  cl/Vnafeeven  a^ 

Sorms  record  the  melting  ol  the  Argyre  Ice  sheet.  tatejMg.  I ™ „uvial  systems  (other 

moderately  high  elevations  and  latitudes.  Howe  - a th  t humid  conditions  following  the 

Than  those  plausibly  related  to  the  meWng  ol  ce)  Indtoaes^ "^“carpment  of  Argyre  has  been , luvlally 

SiUSS, '&5S2S*  #*££*  * — <• thare  " 31  ,he  ,im9  ,bat  * 

te,#teShave  made  a prellmlna^  search  for 

most  diagnostic  glaclogenlc  landform  on  Mars  Pr°^®  X jth  DO|ar  layered  deposits  and  etched  (kettled 
Hemisphere  of  Mars,  often  occurring  In  f'^^Ste  lL  a vLs?  Ice  sheet  once  envelop  much  ol 
and/or  glacially  scoured?)  terrains,  these  probab  y^t  a|so  occur  more  sparingly  In  the  Northern 

*°h  ,he  ',humbp,w  ,erra,ns‘  lrecess'onal  mo,a'ne 

In  one  tropical  location.  . t ...  haVe  occurred  under  much  warmer  conditions  and 

under*  a d^ser  atmosphere  Glaciation  and  de-glaciation  may  have  been  two  steps 
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GLACIERS  ON  MARS:  Kargel  J.S.  and  Strom  R.G. 


SeV^c^  ggh wa,er  »**  «*** 

warned  due  to  climatic  perturbations  re£rf  to  & tSSSSSSit^ * •*  <=""«• 


warmed d« 7o S' T^rtiitaZ^toX £E£ S0UT  As K dto^ 

mefted,  charging  the  cratered  uplands  wnhSoundw^eTfi^n^, S^fT®  Borea'  ?,.th0  tee  sheet  eventually 

: glaciers.  The 


^aSaSgBa^iE-. 

outstanding  Issue  Is  whether  they  am  pufeSZffi«5M  ZtSZL<teb?  aP™"a  are  rock  glaciers  The 

. Shows  that  dehrls 

RXngttarp TxYng,!!?.* °*"»' *- it Mtt  ' I « 

Parker,  1989,  LPSXX.  p.  826. 5)  C A Hodoes*^980  ""7.?  ?“•  ,9“'  LPS  w"-  P”5.  <)  T.J. 

Map  1-1181.6)  R. J.  Price  1 973*  G/ac/a/  anti  C^ap  of  ll!e  ^QV0  Quadrangle  of  Mars,  USGS 

7)  H.  Lee,  1965.  Geo/. Sun,  ten  & Ed,nbur9h.  242  pages 

and  R.G.  Strom,  1990,  LPS  XXI  1<5  S W So i Jres Vd  m JS  lif^1,1990’ LPSXXL  9>  G-  K°™tsu 
Giardlno,  d.F.  Schroder,  dr.,  anddo’ 

Figure  , . Gladologlcal  map  ot  a portion  of  A, gyre  Plankla  and  the  adjoining  Charltum  Montes 

40 
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University  of  Massachusetts,  Amherst,  MA  01003. 

The  giant  polygons  of  Acidalia  and  Utopia  ‘X^gonT^VcdXS 

desicc^n^ygons^but  the,  ^Ser^-^V' 

joints  in  lavas  (2).  Polygonal  strucmres ion  the rearm  frachires  (1)  Transfernng  this 

between  polygon  diameter  an  e P northern  plains,  which  are  5-20  km  in  ame  , 

relationship  to  the  giant  polygons  of  the  maihan  ^oetI>|e  to  depths  at  least  as  great  as 

requires  that  fracturing  dnven  b,  coohng  mechanically  unlikely,  as  is  convutcmgly  argued 

m^anCpo^ons  do  not  resemble  any  ^ 

into  of  thwe 

can  be  shown  that  the  polygonal  troughs  formed  ^ of  course,  but  which  strongly 

materials  (3),  a timing  that  does  n<*  ^fracturing  Processes  known  to  occur  shortly  foUovmig 
queeests  a link  between  deposition  and  fr  g ^ Geological  evidence  thus  favors  a 

deposition  of  wet  sediment  are  desiccation  an  co  due  to  desiccation  of  wet  sediment 

modeHor  polygon  fomraUon  order  of  centimeters  to  meters; 

However,  most  similar  structures  on  from  a few  piayas  (6). 

rare  large  polygons  with  diameters  up  .mr*nn  formablv  on  top  of  a rugged  surfac 

The  martian  polygonal  terrane  was  eP^1  ^ crater  rims>  and  scattered  fresh  craters  (3  7). 
characterized  by  knobs,  mesas  poiygonal  terrane  of  Utopia  planitia.  N°rthward  he 

This  rugged  surface  is  exposed  south  of  the  p yg  ^ it  disappears  completely  beneath 

surface  is  increasingly  obscured  by  y”“"®e^ent  among  the  more  irregularly  shaped  Poly2°"s 
polygonal  terrane  (7).  Circular  t :roi ug  P craters  similar  to  those  exposed  to  the  sou  . 

within  polygonal  terrane  occur  above  buned  fJesh  craters  as  large  as  35  km  in  diameter 

Thecomplete  burial  of  a crater  populaUon  mclud  th|  sediments  also  must  be 

requires  that  polygonal  on  the  order  of  twice  the  apparent  depths  of  the 

thick  enough  to  cover  the  crater  runs  to  P nnlvoonal  terrane  material  of  about  600  m. 

circular  troughs,  implying  a total  regional  ^kuess  p Jg  of  wet  sediment  will  result  in  the 

The  presence  of  rugged  topography  1 IZdtes  the  sediment  compacts  because  the  trtd 
development  of  drape  antichnes  and  synchn  ^ w th  sediments  will  vary  directly  with 

downward  displacement  of  an  will  superpose  bending  stresses 

the  thickness  of  compacting  underljung  m shrinkage.  The  objectives  of  this  research 

onto  the  pervasive  tensile  stresses  due  to  desicc^on  snnn^  ^ ■tudes  of  the  stresses  involved 

are  1)  to  test  the  feasibility  of  thi®  ® * yf  1 olygon  formation  that  considers  both  geological 

and  2)  to  continue  developmg  an  hypothesis  tor  poiygo  ..... 

and  mechanical  data.  /o\  ond  because  of  the  geometric  stmp  city 

Because  crater  morphology  is  *eU.^.  ' considers  the  specific  case  where  a crater 

provided  by  radial  symmetry  our  c“t0“gh  re  bu^  the  rim  to  a depth  of  400  m.  For 

10  km  in  diameter  is  covered  by  sediments  thick  g » sedimentary  layer  filling  the 

purposes  of  analysis,  it  is  convenient  to  cons, de.  the  I ^ may  represe„,  the  tnre 

-■£  sssisstszt  sr*.  - -■ 
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on  plate-bending  theory,  «he  other  using 
rheological  properties  of  polygonal  terrane  materials  of  soU  mechanics  to  estimate  the 

rich  soils  exhibit  Young's  MP,  COnsolidated  s™d~  and  clay- 

0.40  (9).  Cohesive  strengths  comTordy l j h P°?T  * ^ betWeen  0 25  and 
internal  friction  averaging  30°.  The  plate  bendto?  mtuM*  ^ “ governed  by  angles  of 

to  be  an  elastic  plate  that  is  bent  as  the  unde  /*•  , , c°n^,ders  material  above  the  crater  rim 

younger  cover,  because  boundar^  con^^ef^  ® TE" * the  load  of 

approach  does  not  predict  a very  realistic  shane  for  a dr  SUiys”ldal  shaPe  on  the  bent  plate,  this 
slope  of  a crater  wall.  However  the  sinusoidal  chan  ^ fold. formed  over  the  upward-concave 
is  conservative.  The  finite- element  model  consider  bendif8  stresses’  and  thus 

of  older  fill  and  younger  cover  as  a funntirm  r,r  ^ three-dimensional  elastic  deformation 
modeled  using  cubic  ofTT"  ^ “T  ^ bUried  Crater  ™ b 

Because  of  the  flexibility  of  the  finite-element  mpthr!d  .ultin8  draPe  fold  seems  very  realistic, 
elastic  properties  and  extent  of  preconsolidation  can  be  moX^^  dcpendent  combinations  of 
common  although  probably  not  very  realistic,  also  is  conselva^e  aSSUmptl°n  °f  pureIy  elastic 

compaction  of  older  fill  are  us^d  (<l<m  r6S,UltS  , E^en  when  vei7  conservative  estimates  of 
depths  of  the  right  order^acc^t °r  by  shear  * Predicted  to 
is  obtained  without  considering  the  tensile  stresses  due'tn  d 8-  * e martian  Polygons.  This  result 
the  same  order  as  the  bending  stresses  as  seems  hLw  d£S1CCatl°n  shrinkage.  If  these  are  of 
available  adequate  to  cause  failure  to  the  requisite  dentlT’  huf**  n<>t  OI^y  are  tbe  total  stresses 
systems  will  produce  significant  differences  to  total  ^ * suPerP°sltlon  of  these  two  stress 

at  the  surface;  the  probability  of  fracturing  will  be  enh^h^68  available  to  initiate  fracturing 
crater  rims  and  knobs/mesas  and  suppresfed  bv  dr!™  1™pe  3ntlcIines  md  domes  above 

scale  of  the  polygons  relate  to.he  ! , by  drape  synchnes  between  these  features.  Thus  the 

strength/thickness  characteristics  ^of  the^dtetenUayer.  ^ ^ lh“ 

than  they  can  be  retexe^by^fudo^^  clas,ic  /trains  to  build  up  taster 

but  to  slow  landslides  it  is  estimated  to  be  about  1 o5-To6™1!<d  lty  °J  S°d  is  rarely  determined, 
materials  with  equivalent  viscosities  of  106-10s  MPa-s  and  Youne*  S J°r  MaxweU  times  for 
months  to  years.  Very  large  Maxwell  times  ford^r  JTftJ  m°duJl  of  about  10  MPa  are 

unrealistically  high  equivalent  viscosities  pnl  [ ° years)  would  thus  seem  to  require 
martian  polygons  mus’,  be TjSSSS’^SS^’  aPPear!  **  * ‘hc  **• 
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thickness  estimates  ^R  CONC^IC  rI“  « «"  OTOPIA 

PIANITIA  REfal  h and  planetary  Studies, 

National  ^^itution, 

Washington,  D.C.  20560 

+-  fin  fcCF)  is  one  member  of  a group  o 
Concentric  crater  fill  ,^JF|hrouqhout  the  raid-latitudes  of 
distinctive  landforms,  abund  ^ indicators  of  the  presence  of 
Mars,  that  are  mterpr  aeolian  alternative  has  been 

ground  ice  (1,2).  »e®®n^y  “ cSf  morphology  (3).  This  work 

proposed  for  the  °^ig  . f r CCF  deposits  in  Utopia  Planitia 
presents  topographic  data  evaluating  the  relative  roles 

(36°N , 279°W)  that  are  h®1^  deposition/erosion  m CCF. 

of  ice-enhanced  creep  and  aeoJ-^  attributed  to  the  presence  of 
Numerous  landforms  have  been  attribut^  ^ ^ ^ f 

ground  ice  on  Mars  (e.g.  * J* unambiguous  connection  with  ground 

none  of  these  features  has  ^ appearance  of  many  of  _ 

ice  been  established,  even  t 9 volatile-related  origin, 

these  features  is  very  concentric  pattern  of 

Concentric  crater  fil  ( ) ateriai  within  craters  located 

arcuate  ridges  and0g^°°^fld^  ( gf  ^ear  other  potential  indicators 
between  30°  and  60  latitude  (g)»  interpreted  to  result 

of  ground  ice  (1,2).  CCF  morp  gY  materials  through  creep 
from  the  downslope  Se  (1,2).  High  resolution 

deformation  of  the  int®^titi  reveal  extensive  erosion  of 

images  in  and  around  some  CCF  . . suggests  that  some  CCF 

a multi-layered  mantl^f  d®P°  ^ and  erosion  in  the  martian 
could  result  from  ae°iian  d?P°^elv  that  both  ice-creep  and 
mid-latitudes  (3) . It  see  uted  to  the  unique  character  of 

aeolian  processes  may  have  contr  d d is  needed  for 

the  mid-latitude  terrains  ^ach  process.  CCF  deposit 

evaluating  the  relative  J.  for  this  evaluation, 

thickness  provides  a ^eful  paramete ^ ±ng  an  ice-creep 

One  of  the  stronges  g • their  lobate  profile  with  a 
origin  for  lobate  debris  aprons  ls^th  profile  of  terrestrial 
concave  terminus,  consist' en  nrofiiePof  a glacier  is,  to  first 
glaciers  (1,2,8).  The  surface  profile  of  ^g  shear  stress 

order , a consequence  o s ^ f the  ice  behaves  as  a 

of  the  ice,  beyond  which  flow  occurs^if^th  ^ ^ thickness  of 

perfect  plastic  (10).  Num®  ^ ^--nrrraohv  (11)  allows  glacier- 
mobile  ice  over  irreg^a^ orespecified  terrains.  This  technique 
profiles  to  be  computed  jpecit  oored  crater  (many  CCF 

Ls  applied  to  ,fP(?^edyc?atlrJ)?  using  physical  constants 

deposits  are  m flat  fl°  determine  the  profile  of 

appropriate  for  ice  on  , resuit  of  ice-creep  (Fig.  1) • 

materials  that  could; as  a ^ss  of  200  m within  1 km  of  the 
The  ice  attains  a thl^d®  of  the  terminus  location  within  the 
glacier  terminus,  regardl  . increases  toward  the  crater 

crater,  and  the  tblck"^Sd^?is  J,ith  the  ice  would  increase  the 
rim.  inclusion  of  rocky  d®b^  lilceiy  reduce  the  calculated 
average  density  but  t is  less.  CCF  deposits  with 

thickness  by  a factor  of  too  thin  to  be  mobile  by  ice 

thicknesses  < 50  m lability  of  an  aeolian  origin, 
creep,  increasing  the  probabii  y 
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topographic  profiles  through  photoclinomlt  (v***  USed  t0  obtain 
calculations  assume  uniform  albedo  ^ (Flg*  3> • Profile 

Lambertian  photometric  function  for  fhf  9 giVen  profile  and  a 
technique  has  several  inherent  sources o?Urf?Ce  ™aterials*  This 
so  the  relative  relief  of  nearbv  °f  potentlal  error  (12) 

be  realistic  than  the  absolute^elief  fo?  1S  ?KCh  more  likely  to 
The  observed  relative  relief  of  the  lid«^SS  entire  Profile, 
deposits  consistently  is  < 50  m and  i dges  and  grooves  in  the  CCF 
This  thickness  is  fa?  too  smalT'for  ^ ^ Cases  is  < 2°  »• 

base  of  the  CCF  layer,  increasina  to  be  active  at  the 

processes  are  dominant  at  thiS  ?ocation  n that  aeolian 

be  a useful  constraint  for  evaluating  thickness  can 

creep  and  aeolian  processes  in  CCF  ?and  of?!  V®  r°le  of  ice" 
rich,  mobile  features)  in  th,= JZZZ  ■ (and  other  proposed  ice- 
REFERENCES:  1)  s W siu^I  *a£tlan  “id-latitudes. 

1986.  2)  S.W? ^Squyres^ca?nr?oM^;,Carr'  ^cienc^31,  249-252 
Zimbelman  et  *1?,  P?oc.IffS^fA  2llZ2S*L  1989'  3)  J.R. 

J..  Geophys.  Res.  82 ~ 1989-  4)  R-p-  Sharp, 

Schaber,  j . g^^'  ill9  54'  7 k Carr  and  G.G. 

and  S.  Judson,  Icarus  45.  39-590?i98i  34)  r?x'  L'^*  Rossbacher 

1984  ?f*S  i ;K-  Lucchitta^  iU 
Mars,  U of  Ar.  Pr.  (in  press)  9 'e  i ^W*  Squ*res  et  al.,  in 
84,  8087-8096.  1070'  Vp)  F n,‘  * Squyres,  J,  Geoohvs.  poc 

ID  S.C.  Ackerly  Bull  ^GeAl 

D.G.  Jankowski  and 12> 


flat-floore^crater^under Martian ^cond  lines>  within  a 

shows  profiles  for  three  termini  nncif 'tl0nS‘  Bottom  diagram 
exceeds  200  m and  it  st^d*  vf1"1  positlons-  Thickness  of  ice 

lt;  steadllV  increases  toward  the  crater  rim. 
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• nfnnia  Planitia"^or" which  topographic 
profiles  * werf^obtained  S '^esh' 


Figure  3.  Photoolinone trie  profiles  for ^Uon^MsrgiSflf 
Planitia.  profiles  have  4X  vertical^xagg  ^ ^ < 50  m, 

CCF  deposits  indicated  y • material  moved  by  ice  creep, 

making  it  unlikely  that  the  ^ thlclcness  (bottom.  Fig.  D • 

Compare  CCr  reuei 
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:.lSSrAS  S™PACE-  Murray,  ClifonUg  ,„s,,u,  of  Tech„ol. 

surface  of  M„  Wha.  i.  fhe  ,«  b.^J, tSL“  P“!'"  » «“ 

presence  of  water  possible  in  coexistence  with  the  polar  cnUt  f wx.1'  411(1  S°Uth  fr°sts?  How  is  the 
tmescale?  Are  there  low-altitude  night  fogs9  Why  dust  ha*  h rm  *S  ^ Source  of  water  on  seasonal 

if  it  influences  atmosphere  and  frost  in  such  great  extent?  How  t ^ ^ atmosPheric  Pressure  even 

frost?  What  is  the  origin  of  layered  deposists?  There  oild  be  a lo  ^ 7 ! ^ behavi°r  °f  residual 

Obviously,  it  is  beyond  the  scope  of  any  single  study  to  solv  !?  i • ^ °!  qUestlons  Uke  thls  formulated. 
Therefore,  our  approach  is  to  focus  on  l.in  ^ , conclusively  these  critical  problems. 

pothesis.  We  organize  our  work  in  three  parts-  A)  Identified  eXPenmentaI  verification  of  suggested  hy- 
related  to  water  and  carbon  dioxide  diurnl  td  iLd^les  B P-ess L 
experimental  tests  to  be  conducted  at  Mars  during  the  nlann  A * * °f  possible  observations  and 

gulio.  ofielcaut  analog,  ,h.  o"".,  °f  1990s'  C>  in.cs.i- 

critical,  in  our  view,  for  integrating  re^otdeZnnTta  Small-Scale  processes  which  are 

investigations  included  these  subjects  related  to  volatiles  on  MarSSUU  °bserVatl°ns-  °ur  previous  or  current 

n:r  °,tk' *« — - — 

thicker  layer  than  would  be  expected  from  the  simple  mlssb^  ^ *1  VT®  Properties  suggesting  a much 
in  considering  the  effect  of  cold-trapping  (frost  redeoositionl  wh  ^1!^ atl°n'  °Ur  °riginal  contribution  is 
enables  to  reconcile  all  the  observations  with  • ) ich  has  been  previously  neglected  and  which 

Sublimation  of  volatile  surface  under  mrl'  f-PP  a • ^ Martlan  environment, 
we  have  conducted  an  investigation  of  howlurface^oiXf^T*®*1  envir°nment-  Du^ng  the  last  year 
dominated  environment.  We^ave  propped  a Z foUn  7 ^ T*"  “ ^ Sub“°" 

always  inherently  develop  towards  substantial  small  Il  f T * Under  theSe  conditi°ns  will 

some  regions  on  the  Earth  and  these  type/  of surf^e  features  Tf  ^ This  “ kn°™  exist  at 

features  is  caused  by  positive  feedback  between  rou  , feature®  are  caUed  pemtentes.  The  presence  of  these 
literature  search  as  well  as  preliminary  calculation!  ofth^  te“perature-  We  haye  conducted  extensive 
Most  importantly,  one  of  us  (Svitek)  had  an  opportunity^oTond^t /tCn!PeratUre  feedback  mechanism, 
measurements  of  this  effect  during  1989/90  M!  V . ~ CXploratory  field  observations  and 

are:  A)  roughness/temperature  fredbackhl  dondnant  e£t  ^ T*™™  °f  this  instigation 

surface  when  radiative  heat  transfer  donates  ZTS  fartf  “ T * * Oology  (1-10  cm)  of  ice 

observations  to  the  Martian  polar  frost  We  plan  to  conti  ^ aDalyS.1S  18  needed  to  aPply  these  terrestrial 
surfaces  with  regard  to  this 

extend  our  preliminary  conclusions  based  on  terrestrial  analoes  to  f”  ° f.epS  of  th,s  effort  are:  A)  To 
environment  - H20  vs.  C02  and  seasonal  vs  residual  froTt  Bl  To  T ^ ^ P°S$ible  in  Martian 

Which  will  not  be  able  to  resolve  individual  morphological  features  P Potions  for  future  missions 

contro/t^diurnal^ ^ ^ °l  the  k«y  effects  which  locally 

For  example,  the  effect  betwee»  ^lith  and  atmosphere 

and  carbon  di°xide  seasonal  frost  as  seen  from  correlated  MAWD/IRTMA  the.lnteractlon  between  water 
Orbiter.  We  are  also  studying  possible  exnerim.n*  1 MAWD/IRTM/imaging  observations  by  Viking 

controlling  the  diurnal  flow  of  water  vapor  and  interaettons^b  ^ ^ W ^ W°Ul<1  debneate  these  Parameters 
what  role  can  humidity  detector  play  on  some  o th  omn!  H TTr"  ^ atmosPhere-  ^ particular, 

hard  landers,  etc.).  How  can  weLrn  abTt  the  J T ? ^ ^ 9°S’  ( baUoons ' science 

What  to  look  for?  What  is  the  proper  sensor  configmaHon?  mat*  afe'th!  mUHiP,e  hU,nidity  deteCt°rS? 

We  plan  to  evaluate  the  techniques  of  water  vapor  detection  requirements  on  the  sensor? 

on  assessing  solid-state  sensors  which  are  currently  available  measurement  with  the  particular  emphasis 
application  on  Martian  surface  7 b commercial  units  or  as  prototypes  for  their 


322 


EARLY  MARS:  HEAT  FLOW  VS.  ATMOSPHERIC  GREENHOUSE 

Fraser  P.  Fanale  and  Susan  E.  Postawko,  Planetary  Geoscrences  D.v„  Umv.  H , 

Honolulu,  HI  96822 

The  morphology  and  distribution  of  the  valley 
terrain  have  been  interpreted  to  radicate  a change  m y mechanism  of  the 

billion  years  ago  compared  to  later  mart, an  “ ” ing  processes 

formation  of  these  valley  networks  m What  dLs  Im  cle'ar,  how- 

rather  than  precipitation  runoff  played  a dom,  ' ^ conditions  on  the 

ever,  is  that  liquid  water  pM a «*»  ‘hew  water  in  the  quantities,  and 

martian  surface  seem  to  preclude  the  ™rtmce  « «1  networks  (large 

for  the  time  periods  ■"£ ' *L' „"chtnels,  and  small,  tran- 

quantities  of  liquid  water,  such  exig^  for  very  short  times  under  present 

rr^ti^^conditio^^Th^mechanism  by  which  these  valley  networks  formed  have 
been  the  focus  of  many  scientific  studies  (e.g.  1,  2,  j- 

Opinion  on  the  general  XlJXeXXmoXmeTfonXm  couldhtve 
divided  into  2 camps:  one  whic  atmosphere,  which  could 

existed  on  early  Mars  due  to  large  “ s"-d  tluwe  who  do  not 

have  created  a large  greenhouse  warmrag  of The  martian  surtac  surface 

support  a massive  greenhouse  warming,  but  advocate  war  g t . „f 

due  to  an  early,  high  interna,  he^t  flow  £ **»££  ^tionship  between  the 
r tw  nrofT-ospr  ^se  andq  interna,  heat  flow  in  producing  the 
morphological  differences  between  early  and  late  martian  terrains. 

The  relationship  between  these  two  mech^ms  - “ atXX  is^ 
way:  Although  the  mean  residence  time  of  CO ^rath^  ^ differ. 

well  known,  it  is  almost  certain  y s or  er  recycling  of  CO,  is  important  in  sus- 

ences  are  thought  to  have  occurred  (4,  5)  Thus  r^yclmg  > e 

taining  an  e^ly  atmospheric  'S  the  total  degassed 

temperature)  may  be  approxima  . 1 , fv  the  atmospheric  and 

CO,  in  the  atmosphere  plus  buried  material  and  the  ra  k>  of  ^ ^ 

regolith  mean  residence  tunes.  The  therefore  follows  (given  assumptions  as  to 

expressed  as  a function  of  heat  flow  (5).  It  thertoreio  V*  function  of 

SsSSEi 

expressed  as  a function  01  neax,  Therefore  for  any  given  values 

dent  equations  which  relate  heat  flow,  £ ***£ ’^tane- 

isotherm.  This  means  that  for  any  va  ue  isotherm  Our  derivation  is 

ous  values  of  surface  temperature  and  depth  to  the  273K  isotherm,  uur 
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tbbntfVelat!Xti iPS  dGriVed  ^ thC  literature>  ™d  only  algebraic  manipula- 

tion  °f  these  relationships  is  necessary  for  this  study.  We  can  utilize  these  derived 

relationships  to  evaluate  both  the  relative  and  absolute  importance  of  internal  heat 

vakLTof  W nmOSP  H C ,grefenh°USe  CffeCt  ^ producing  morphological  changes  for  any 
value  of  heat  flow,  and  also  for  a range  of  heat  flow  values  reasonable  for  early  MarsT^ 

We  have  carried  out  calculations  for  various  values  of  total  available  CO  reeolith 

CD^U:tmtMC0VatmMPheriC  reSid“Ce  tto*’  -a-  temperature-Turface 
varietTof  af10nShf^  (de_termmed  by  solar  output  and  orbital  configuration)  for  a 
y va  ues  of  heat  flow.  Although  our  exploration  of  parametric  space  to  date 
has  been  somewhat  limited,  the  qualitative  characteristics  of  the  systenf  are  readily 
apparent,  as  illustrated  in  Figure  1.  This  figure  is  for  the  case  of  L eSly  cJst 

ti  °raf  Gr  °r  1 a , C°nflguratlon’  and  311  equatorial  site;  mean  atmospheric  residence 
rZre  lh  2'  ^ T conductivity  are  the  same  in  both  sets  of  calculations.  The 
%ure  shows  surface  temperature  (TJ  as  a function  of  depth  to  the  273  isotherm  (Z) 
The  numbers  in  parentheses  indicate  heat  flow  in  mW  m-2.  The  figure  clearlv  demon ' 

•£s.sr,sir  — i.  sars 

only  Ibont6  lltfmW*  “1  °f' CCV  AccordtaS  to  this  figure  a heat  flow  of 

V°  reCyClVn°Ugh  C°2  W surface  temperatures" 
g.  In  this  case,  because  we  have  assumed  so  much  total  carbon  dioxide  the  atmos- 
pheric greenhouse  plays  a dominant  role.  It  has  been  argued  (7)  that  a water  tahl 

wSetv?  mer,WOUld  Sti"  haVC.b~n  Capabte  of  ne“ 

y groundwater  sappmg  early  in  martian  history.  In  this  case  the  internal  tber 
mal  grad,e„t  would  have  played  a major  role  in  widening  the  lathude  and  ttoe 
in  which  sappmg  would  have  been  prevalent. 

9 10TlhlT  fiT?  Tfn  attemp‘s  *°  “ttoate  the  volatile  inventory  of  Mars  (e.g.  8 
LVLtThw!  T*  versions,  the  total  estimated  carbon  dioxide  is  1 to  or 
g b we  explore  the  implications  of  having  a low  total  CO  abundance 
by  assuming  a total  of  1 bar  of  CO,  available  to  the  system.  In  this  case  we  findTto 
an  atmospheric  greenhouse  effect  plays  almost  no  role  and  that  tho  A . *. 
tato i is  strongly  affected  by  intern’,  Lat  flow 

of  ,W1M  “-a  " def  for  rea3°nabl<!  values  of  early  heat  flow.  For  heat  flow 
critical  depth  suggSted  by  ‘°  '*  lcSS  that  300  m »— 

condtotov^cT  Calculatj,0ns  *"  sensitive  to  the  values  chosen  for  regolith 

l . /’  tmospheric  mean  residence  time,  and  total  CO,  inventory  it  is 

clear  that  heat  flow  on  early  Mars  plays  a key  role  in  both  the  effectiveness  of  Nearly 
a mosp  eric  greenhouse  and  in  keeping  regolith  temperatures  high  enough  so  that 
groundwater  .closer  to  the  surface.  If  the  total  available  CO,  wa^  on  the  order  rf4 

neret  Ti  ^ *f  atmosI>herlc  greenhouse  effect  can  easily  keep  near  surface  tem- 
P res  lg  enough  to  account  for  the  change  in  erosional  style,  and  the  role  of  heat 
flow  . to  raise  groundwater  temperatures  and  extend  the  spie  and  time  rime  to 
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, . i pq  was  0n  the  order  of  1 bar  or  less, 
valley  network  formation.  If,  however,  surface  temperatures  by  more  than  a 

then  the  atmospheric  ^eenhouse  do®^  ^ ^ ^ iegoMh  temperatures  high 
few  degrees,  yet  a high  ear  y large  factor  (for  reasonab  e 

— — —• 
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A REMOVED  BETOKN^WANO  Si™  V°LUME  0F  MATERIAL 

Andrew  M.  DimHdou,  University  o.  Massachus^L*,  MA  01003 

morphologic  description  presented  by  Sharp  oloU  once  conhn'"  ^ be8n  a sub|ecl  of  s,udy  (1).  The 
since  been  subject  to  extensive  erosiorhaTbeen  aCMMe^S®  ?avl*  cralOTad  Plateau  which  has 
as  positive  relief  landforms  i.e.  as  "knobs"  and  Mmesas"amidsi  oniinn^^t'  Th®  plateau  remnants  stand 
materials.  The  largest  area  of  fretted  terrain Mam  l^  younger  plains 

wide  zone  around  40°N.  Studies  done  in  thic  arof  h between  27™  and  360°W  in  a 5-10  degree 
debris  aprons  and  fretted  valley  floor  lineal ions  ?2  3)  PrincS fntrated  on  the  natura  and  origin  of  the 
the  outlying  "mesas"  in  order  to  associate The obselveX^^^  ana,ysis  <4>  was  a«e™pted  on 

erosive  events.  This  abstract  describes  a method  used  With  structural  tends  and 

has  since  been  removed  from  this  area  of  fretted  terrain  ,vourne  of  plateau  material  that 

estimates  by  this  method,  upper  bounds  are  more  nnrenai!.6!?*  6 y Stnct  tower  l,mits  are  Placed  on  these 
beneath  plains  to  the  north  is  difficult  to  inf™  toHSI^3”86  ,h?  fX,ent  0f  plateau  ma,erial  buried 
source  of  materia,  that  could  then  be the  * a clear 
been  a sink  for  this  material.  Comparing  these  souVce  vol^  m /h  ® lowlands  t0  ,he  north  have 
burying  large  areas  of  the  lowlands  can  put  this  reoiona^  Zm^  0f  material  inferred  to  be 

Three  models  are  presented  for  the  former  ?v,ent^  Ut'0n  ,nt0  a 9'0bal  context- 

that  has  since  been  dissected  and  eroded  Within  thesl  mL^rS^T8  heavily  cratered  plateau 
(hereafter  termed  mountains)  are  split  into  two  groups  hv  cnlS?6  a efS’  outly,n9  "mesas"  and  "knobs" 

iStUT*1  In'88  m0urtains’ ,hose  <4°  krf  naW'CalPU,p0S8S' Mounlalns 

‘rtsar,; cirSuTi^r »8 — — * 

at  about  49°N.  East  of  300°W,  the  three  mode  s haVf IZS !i  l S 'S  an  irre9u,ar  ea®t-west  trace 
separate  from  the  present  limits  of  fretted  ™rrain  The  r^^  2 NE  limits*  al1  01  which  are 

The  smallest  area  (model  1)  is  bounded  to  th^F  h?f  a^ defined  by  these  NE  limits, 
trending  graben  on  the  upland  surface  at  about  38°N  305°W  b^,Lnd°I^eStWard  ex,ension  of  the  NW 
is  now  lowland  is  necessary  if  the  assumption  is  made  thaHh^i  n^i?9  V'S,?e  upland  trend  int0  what 
series  of  NW  trending  boundary  faults  that  dropped  plateautmat!ria?5f?hare  *h!  obse,vab|e  traces  of  a 
long  axes  of  the  remnant  mesas  standing  in  this  area  of  tou/ian*  3 ° he  nortb  and  east-  Many  of  the 
northwest  trend.  If  this  model  defines  the  tme  initial  northern  St  of  ^efV°  **  °riented  para,,el  t0  this 
a continuous  plateau  was  available  for  erosion  canno? be  made  north  S6aU'tth!n  the  assumPtion  that 
Model  2 includes  the  model  1 area  hi  ,t  Tr  *h  and  east  of  this  zone. 

NW  trace  at  the  abrupt  limit  of  occurrence  of  outi!fno  3f  - 'mrt  Is  farther  eastward  and  is  defined  by  a 

298°W.  One  possible  exPlanaboMor^to^3rupri^^fin^!?nta‘^  C^'8K10^ed  r00^  clearly  around  43®N^ 
basement  elevation.  For  this  model,  this  trace  is  taken  as  the Tmi^of  'S  rePresents  a rapid  drop  in 

has  since  been  dissected,  eroded  and  embayed  fy  hunger  materLt  °US  P'ateaU  SUrface  which 

nw  6 1 f „ the « as  far  as  a 

identified  these  as  rim  remnants  of  the  r pulX  770?  km^iam  28°"W'  Wllh8lms  ana  Squ/tes  (5) 

boendao,,  Ihere  is  no  obsenrable  ev£eS State  tS  and  aast  01  'bte 

available  for  removal.  indicate  that  a continuous  thickness  of  plateau  material  was 

areas  °f  aN^arge^rro untoln^wito to^he^ e v^  Ihalrmeas9"186"’  ? th6  6Xp°Sed  surfaca 

on  the  continuous  plateau  boundarv  s ram  anw  o m ' Shad°w  measurements  were  made  at  1 6 locations 
quoted  error  not  only  includes  the^tandard  devla^on^uta^  nixpfLrt0'5!2  km  was  determined.  The 
rounding  and  shadow  margin  location  problems  as  Se£by  pTrke? *"  ^ 
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measurements  were  made  on  39 'large t ro^th'©  toacwunUor  the^olume  of 

± 0.69  km  agreeing  very  well  w'Jh  that  ot btair in  the  form  of  small  (<40km2)  mountains,  five 
residual  plateau  material  remaining  within  the  model  a assessment  of  the  surface  areas 

small  subareas  were  located  where  <*  3.3%  of  the 

and  heights  ot  these  small  mountains  d , be  a (a|,  estimate  across  all  three  of  the  model 

surface  is  covered  by  small  mountains. Th'®  ® ira  vie)ded  a mean  height  of  0.78  ± 0.41  km 

areas.  Shadow  measurements  margins  of  debris  aprons  visible  on  the  extremely  high 

Ten  shadow  measurements  were  made  on  ^ margins  oi  oeu  w ^ ^ ^ determined.  ,t  was 

resolution  orbit  461 B Viking  '™9®sna^  by  a debris  blanket  of  the 

r— in  Ls/debris  aprons,  but  removes  the 

necessity  for  identifying  the  extent  of  1 .53  ± 0.80  M km3 

Volume  removal  estimates  range  from  1.04  ± 0.60  M Km  tot  mow  y 3 and  2i 

,„r  model  2 to  1.99  ± 1-10  M km  lor  mcatel  *Vm  is  •*"*£  Ss  represems  a layer  o. 

m of  sediment.  If  the  northern  lowla  octimatps  for  three  reasons:  (i)  the  thickness  of  plateau 

between  9 and  60  m.  These  are  minimurn  est  Dre_D|ajns  basement  but  the  height  above  the 

material  measured  does  not  represent  the  9 ,j  jt  js  conservative-  more  plateau  material  may 

rSHh?—  - -rt*ai  c,m  ,aces  bu* are  0Ben 

conical  or  significantly  rounded  in  cr°ss'f  ectl°Jf  n d * „ajn  is  on|y  a very  small  proportion  of  the  total 
present  mlrL, ,ha7ls  assumed ,0  be  present ,0 

the  north  is  significantly  greater  than  that  estimated  above. 

(1)  Sharp,  R.P.,  J fieophvs.  Res.,  78.  4073-4083,  1973. 

(2)  Squyres,  S.W.,  Icarus,  34.  6°°'613'1978_  Qg6  197g 

3 Squyres,  S.W.,  J fteoDhvs.  Res.,  M,  ®087'|°?6’  C350  1984 

4 Kochel,  R.C..  and  R T Peake,  .j,  Beophys.  Res^.  CWCdSI), 

5 Wilhelms,  D.E.  and  S.W.  Squyres,  Nature,  |Q9, 138-140, 1984, 

(6)  Parker,  T.J.,  et  al.  Icarus,  82, 111-145,  1989. 
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EPISODIC  FLOW  IN  MARTIAN  CHANNEL  SYSTEMS  p • n u ~ 

Geosciences*  Northeast  Louisiana  University,  Monroe  LA,  7i?o?  ’ DeMrtment  °< 

INTRODUCTION  (FLOW  THROUGH  MARTIAN  CHANNELS) 

cit».tropIic~o<^,?,^{ld^^^J^7ibI'  ,0  5c*»lF"<iF  formed  by 
outHows  traverse  surtsc,,  ^^  Beceuse  these' 

consequent.  Hence,  the  flow  travel  I h„.  diIuvial  Processes,  the  flow  is 

configuration  of  the  topography.  The  flood  surg^Ly^is^ls  zn  ***  ,nitur*1 
semiconfmed  flow  over  much  of  its  lennfh  th.  y * unconfined  or 

anastomosing  branches  that  r l + T mAy  b 6 broke"  into  van ous 

addition,  ponding  along  fhfvIrYouT flow  i^T.X'V.'T  >" 

"ch  ?.*rrh.-s,™;,Tn:tirdo;,ow  v ,he  i'r.%^: w,thm 

catastropic  outflows  as  in  theThanrwIed  Vcablandru"*)  St*?k  beS*  in  9llciaI 
(3,4).  Other  analogs  of  possible  s,omHr.nr.  ,„  ! f *nd  JC*ulhl*uP*  in  Iceland 

its  erosional  and  depositiona)  characteristic.  i„nf^TstLndlr!?  th*  flow  hlstopy  and 
during  spring  floods;  multiple  seauential  dam  ya,|C  Ude  idvinc*  of  flood  crests 
perhaps,  interbasinal  I™11'*  s‘Guen«,  end, 

an  idea,  example  of  Ora.negeLveC^'^ 

martian  examples 

“as 

pl.ins-forming  material  and  cratered  tXn^/xInfJe Te^aX  n'™  T?'* 
subparalleU0  anastomosing  &£ XTc^TtnX 

system  on  the  western  edge  of  ^*^1.“ t 'a  « 7)  As  ?hT"  a*T  V ridge 

ss-  i^iLrd?^  ^ “ 

region  in  Terra  Sirenum  The  nntfi  °U  ow originates  in  the  Memnonia  Fosse 

Planitia  (6).  Alono  its  na+h  +h«  P km  from  lts  source,  in  mid-Chryse 

by  many  smaller  massifs  and  craters^  SP  ^ b/  tW°  mdJ°r  bl°Cks  ° 4 terrain  and 

^anicus  Valles,  originating  200-300  km  northwest  of  Elysium 
nonSf  is  traced  northwestard  for  about  mnn  i/m  j.  oiysium 

^r“*^Pir^“SFxrr- 

^haveb^^^S^X  S^  9 U9h  S/5tem 
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EPISODIC  FLOW 
De  Hon,  R.  A. 


FLOOD  CREST  RETARDATION  -oioacp  at  the  source  will  be  directed  by  the 

A flood  eras,  o^ina ting  b^r»pid  rale  routing  the  flow 

natural  con-figuration  of  the  sur+ace.  w / a waves  will  traverse 

into  two  or  more  semiconf.ned  or  ’*,Vis,7cs  and  lengths  of  each 

each  reach  at  different  ratesd.pend.ngonthecharacte^sMs^  ^ ^ r„ult5 

«owroa;  rnumple  fiood  crests  in  the  recombined  fiow 
SySVeomnd.ng  in  flow-breached  crater,  and  other  n at icmal 

will  temporarily  impede  the  flow  until  1 1 fiUs ^th  b P ^ along 

may  ^e^seen*  along 

r/bou5  ValliSt  « ';y«T'nt  M9m'n,S  be,0r' 

to  different  *e™lnu'  ' p^!"her  downstream  the  Mangala  system  divides 

which  feed  a multitude  of  smaller  distnbutar.es 

near  the  lower  reaches  along  the  highland  escarpment. 

^"““■Srrsss 

erosional  capacity  downstream.  courses  of  an  anastomosing  system 

2.  Retardation  of  flow  in  differe  9 which  looks  like  prolonged 

results  in  episodic  flow  in  the  J°^n5^e  ou1burst  is  translated  into  prolonged 
release  from  the  source  area.  Thus, a 9,  number  of  ••baffles"  in  the  system 
flow  at  great  distance ^from  the  source._A  1 °op  5urge  crests. 

could  translate  an  outburst  major  retardations  and  correponding  large 

renewed  surge*  crests^  SSjKS-  translates  into  a single,  delayed 
surae  at  the  terminus.  coritments  at  the  downstream 

4.  I,  the  outflow  channel  has  no  interupti^s,  sediments  at  tn  ^ Qlher 

hand!™5 the^flow  ponded, f.edi mentis*  the^erminus  are  derived  from  below  the 

,s  as 

would,  at  first  glance,  indicate  different  periods  of  activity. 

DOWN  CHANNEL  HISTORY  wminus  need  not  be  uniform.  A single 

The  record  of  a flow  from  its  source  to  ^X  ^rnnels  and  recombined.  Near 
outburst  can  be  ponded,  routed  throug  u P ^ result  of  a single  surge  and 

the  source  the  flow  history  is  simple  an  ld__  9ches  the  flows  course,  the 
its  decreasing  volume  with  time.  In  retardations  by  local  ponding  break 

diversions  into  multiple  channels  ^f  The  record  of  the  flow  as 

XZZ  ^^a^pos^r^  X3Z,  mors  cdmpisv  downs, ream. 
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FLOODS  IN  KASEI  VALLES:  Scott,  D.H.  and  Dohm,  J.M. 


KASEI  VALLES  REGION  FLOOD  FEATURES 

Figure  1.  Scoured  and  grooved  channel 
floor;  arrows  show  three  directions 
of  water  flow  possibly  indicative 
of  separate  flood  events  (Viking 
image  226A10,  centered  near  lat 
25°  N . , long  61°). 


Figure  2.  Impact  crater  in  channel; 
crater  was  formed  before  and 
degraded  by  early  catastrophic 
flooding  that  scoured  channel 
floor  (Viking  image  664A07, 
centered  near  lat  23°  N. , lone 
74°). 


Figure  3.  Impact  craters  (arrows 
at  A)  formed  after  early  high- 
water  stage  that  deeply  eroded 
terraces;  craters  have  been 
truncated  by  later  floods  along 
lower  part  of  valley  floor.  A 
post-flood  crater  is  shorn  at  B 
(Viking  image  665A20,  centered 
near  lat  27°  N.,  long  68°). 


original  page  is 
of  POOR  QUALITY 
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CHYRSE  BASIN  OUTFLOW  CHAN1 ^ELS,  MARS^  ^^fnER^IONS 
CATION,  CHANNEL  EVOLUTION  AND  *0^“  ^wisburg  pA  n837 

^i^^SMiUcrt  C^tem^Sciences  cSer,  Deser,  Research  .nsti.me,  Reno,  NV  89506 
Introduction  The  ch^"^ 

eirhnated  from  equatori^source  o^ur.^M^er^is^^siderabte 

channel  morphology  indicate  sign  Qthers  (1987)  estimated  that  the  total  volume  of 

range  in  estimates  of  flow  volum  . 1 (^km3  requiring  at  least  6 x 10^  km  of  water, 

material  eroded  in  the  Chryse  reS10,^an^  channel  evolution  is  the  apparent 

One  of  the  foremost  unresolved  questions  reg^ngc  g and  the  extensive 

disparity  between  the  1rcl^!j .^re  haSen  considerable  debate  regarding  mechanisms 
downstream  reaches.  In  addition,  there  ha  large-scale  flooding  dictated  by  the  in- 

SK^in^don  of  the  channel 

rmugitcTof  the  Ch^cCels  show 

significant  (Table  1).  Volume  ertnnn^ fo^he  size  ophe  map- 
reaches  vanes  between  0 33%,  mn14  21%  Channel  retreat  processes  include  rock 

j^ssnassss 

regional  geothermal  conditions  m *e  7, chryse  channels.  Its  extreme  depth  and 

Kasei  Vallis  is  the  most  deeply  incised  of  the  Ch^  Tharsis  uplift  (Schumm 

large  volume  may  be  partly  attributed  to • Vallis  conform  with  trends  of  regional 
1974).  Orientations  of  geomoiphic  features  m in  Kasei 

structural  features  (Kochel  and  Burgess ; 1983 ^ffSSshsimilar  to  the  Valles  Marineris 
Vallis  probably  modified  a J^S-ad; ation  of  valley  walls  in  the  Kasei  system  may  have 

system.  The  extensive  post-flood  degradation  o and  intersection  with  crustal 

*1989.  MacKinnon  and  Tanaka  1989,  no.  encountered 
in  the  other  less  incised  channels  to  the  east. 
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POST-CHANNEUNG  ENLARGEMENT 

Post-Channeling  Enlargement 

PerrcaL  — ^ 


Section 


Total  Channel 
ft™*  lkm»L_ 


tfftfJFI  VAU 

us 
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37,0f20 

K-2 

2,124 

K-3 

7.261 

K-4 

204 

K 5 
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US 
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M2 
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Ml 
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E 2 
E3 
E-4 
E 5 
E 6 
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21.4  16 

9.3  2 

616  6 

WEIGHTED  PERCENT  = 6% 

10.7  8 

185  21 

20  2 

1 .549  5 

0 0 

961  9 

WEIGHTED  PERECNT  * 4% 
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Vallis  and  assumedEchuTchasma  source  aSe;2f  v°nUmes  is  Sreatest  for  Kasei 
head.  Geothermal  heating  from  the  Tharsis  volcanic°rerion  itS ^uventae  Chasma 

widespread  regional  thermal  degradation  of  fro^J.  g^  ,ay  have  Produced  diffuse  but 
Widespread  fretting  in  the  al°ng  western  L“"ae  Planum. 

Valhs  may  represent  the  last  stages  of  this  style  of  te^fn^6  ups?eam  segments  of  Kasei 
this  formerly  frozen  regolith  would  likely  have  been  Water  reIeased  from 

incised  reach  of  Kasei  Vallis  (near  the  big  bend)  E lakes  upstream  from  the 

Ka2S^Sg7r,OPPed  ,he  divide- 

less  incision  into  Lunae  Planum  ho^ric^  and  show  fesfE  channels  exhib«  much 

nel  volumes.  Their  increased  distenc^om  Ae  fclk  , dlSpanty  *«ween  source  and  chan- 
wholesale  degradation  of  ground-ice.  N^ng apreS L SST  E-  "JP  have  precluded 
intrusive  activity  of  the  scale  represented  bv  EE  ™ beenbmited  to  more  localized 
Hydaspis  Chaos  source  area  of  T?u  Vallis!*  ^ J Chasma  chaos  (Maja  Vallis)  or  the 

not  consistent  with  modd^suEsted  foVcat:  m°rpI?oloSy  of  outflow  chaos  source  areas  are 
surface  aquifer  (Carr  $79)  rdease  of  fluids  a confined  suT 

ram  which  appears  to  have  collapsed^  but  aSTST  aS  anassemb,age  of  fractured  host  ter- 
within  the  fractures.  Evident TflSJd  flowS  flows 

lined  islands  and  erosional  features  are  first  observe  m km  downstrcam  where  stream- 
occur  immediately  downstream  of  sites  intemreted  2 • CS’  these  flood  features 

propose  that  water  emerged  slowlv  frEcE*!?3  temP°rary  impoundments  (Fig  1)  We 
fractured  crust  and  subsequently  ponded  The  nuEf  reservoinl  the  chaoSS through 

?“>*  channels  may  initially  have  been  |™  s ?„Te  Ma„^‘?ndmen,Scevidem  in  the 
by  a combination  of  ice  and  debris  dams  during  “ f?"  °”hey  have  formed 

Periodic  decay  of  these  dams  would  have  nmEn  Tl  °f  oflT  cha™el  evo,ution. 

episodically  down  the  channels.  If  dams  involved  signffiEn^E"1  ^releasing  Hoods 
failed  periodically  when  impounded  waters  reaJhLi  .t9u^nddes  °f  lce,  they  may  have 

hydraulically  buoy  up  the  ice  dam  and  dump  the  water  fraCmana  depths  e?abling  them  to 

for  episodic  release  of  Scabland  floods.  P manner  suggested  by  Waitt  ( 1 980) 

Chxy^  outflow^hannelsfindudfr^J^d^dncUevefr  of  chdin^]'1aVe^en  observed  in  ad 
lined  islands;  3)  cross-cutting  relationships^ ^ ? dlstinctive  stream- 
channel  walls;  4)  cross-cutting  relationshins  n er°S1°n  and  mass  casting  along 

nel  floor  chaos;  and  5)  ponding,  dSoveifl^w  an^  and. formation  of  chan 

terracing  is  common  along  most  of  the  ChrvcJVh  1C  T ea^.°^ lmpounded  water, 
implies  that  flows  were  either  episode  an^oJ  that  t ^ ^ presence  of  terraces 
lowering  accompanying  channel  incision  dnrinafwi  y ^uITCd  concurrent  with  base  level 
flow  processes  with  mass  wasting  of  channTwaS^bsf^8^131  d™on'  Interaction  of 

tewisffs  and  ,he  eastem 

occurs  due  to  an  attempt  of  the  feature  to^odtfv  its^ha™1*"1^  °/  objects  by  fluid  flow 

wfthia/w  to,flow  (Baker  and  Kochel  1978-  Komar  198lK^r  f°^T  exhibiting  minimal 
with  L/W  values  between  3 - 4.  We  perfomed  a g ,slands  ofairfoil  shape 

of  resistant  obstacles  to  observe  the^ S„  5 ™S  °fdume  exPenments  using  a variety 
discharge  and  base  level  cSiS^Tn?-,ned  f°ms  in  flows  of  v2 

fa"d  rebef  (°f  the  style  visible  in  Chrjse  chaS  can  of  E th&t  si8nificant  streamlined 
steadily  declining  base  levels,  irrespective  of  disch^e  Created  dllring  editions  of 

channel  formation  by  episodic  flows  of  modest  difchal^  ^confstent  with  our  model  of 
alterations  in  island  morphology  coincident  whh  m SE'  We  ^Is°  observed  distinctive 
Tbe  long  axis  of  islands  drama, ically  shifted  with  aPPr°aCh' 
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Abnormally  wide  islands  ^ere^™efsl^J/(h?ghL^S  ratio^wire^omed  when  buried 
o^wc^wctc  these^^s6'  may 

— -a 

done  US ScS^S|^ 

island  without  an  apparent  upstream  obstac  resistant  obstacles  at  their  upstream  ends, 

explain  many  of  the  Martian  forms  lacking  aPP  suggest  that  the  eastern  Chryse  chan- 

“P  There  is  considerable  S'T^of  muSe  E muMple  sources,  and  smaller 
nets  developed  by  a complicated  «™s  of  ™1 ;mpou„dments.  The  assemblage 
floods  triggered  by  repeated  failure  P streamlining  experiments  suggests  that 

of Crphrrfogic  observations  by“  Ses  of  smaller  floods,  rather  than 


MARS;  Virginif  ^Gulidc  Vktof  R ^Ba  J^D  F°RMATION  OF  FLUVIAL  VALLEYS  ON 

Uni  vers, ty  of  Arizona,  Tucson,  Arizona,  85721  ’ Departments  of  Geosciences  and  Planetary  Sciences; 

ground-water  reserves  by  rainfaU-m^  mobilization  of  surface-water  and 

flows  ,n  the  surface  environment  sufficient  l°  persiste"%  drive  water 

similar  atmospherically-induced  hydrologic  cycle  ever  existed  ™ how1ever'  u is  unclear  whether  a 

even  necessary  to  form  the  valley  networks.  Alternative^  the  M i 7^  ? atmosPhe™  ^stem  was 

driven  by  endogenetic  processes.  Localized  but  inten  h / |^artlan  hydrologic  cycle  may  have  been 

formed  around  impact  craters  and  on  the  flanks  of  I sour^e>  we  are  studying  the  small  valleys  which 

way  of  forming  Buvi„  v>||eys 

craters  an. I volcanoes,  2)  developing’physkal  and  df  ””°r|>l,lc  ™*PP'"8  of  valleys  associated  with  impact 
presence  „f  active  hydrothermal  fyJLT” s!m“l,t  °,  ,T  ^ ° ‘ h°W  «"  h«  formed  m th, 

s.vi:rr:r  ;r;r  : r re 

WlS"uati°rfF  Noa(ffi^n-Tge  Te^ains^  flowed 

Va  hs)  during  the  late  Noachian/early  Hesperian  anH  fi  n structuralI7  controlled  valleys  (e  g Ninral 
r«tr,cted  to  isolated  regions,  from  late  "X  "imf J * te‘U'“  *»  ™»«y  development’.hongh 

explaii^rC^^f^^^°  a^^^*”V^^°^^®nghf^^beeiar^ly^olca^e^ar^^^*  ^aPldi^g  ^feys  ^formedTn 
formation  of  of  h°»  hydrothermal  circulation  may  result  in  th 

the'nXank  rT  ^ ^ f°rm“S  * ^ S 

.see  a, so  Hgnr,  2),  the  surface  is  mantled  with  X52  " 
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- nn  ttl„  surface.  With  continual  surface  flow,  water  will 
than  the  underlying  basalt,  allows  more : water : ° f d eventually  form  a runoff  valley, 

start  to  concentrate  and  downcut  into  this  erodible  outflow.  Although  terrestrial 

Figure  2 is  a model  of  how  fluvial  vafle^may  form  ^ y gr  ^ ^ ^ pogsible  to  form  runoff  valleys 
runoff  valleys  are  generally  formed  by  precip  intersects  the  surface  environment  on  a very  gen  y 

from  emerging  ground-water  outflow.  It  the  seepage  fee.  "^pageTs  such  that  the  rate  of  runoff  is  greater 
slopinglandscape  « 5")  and  if  the  surface  may  form.  However  if  the  ground  water 

»^"e  avi,y  titered  terrain  ,3,,  »d  on  the  Mart, an 

volcanoes  [4,5,6].  climate.  The  warmer,  more  moist 

As  on  Earth,  Martian  hydrothermal  systeIJorC°^dhydrothermai  activity,  may  have  induced  areas  of 
environments  which  develop  near  reSlons  g zoneg  Even  snow  accumulation  in  such  regions  cou 

precipitation  particularly  along  the  Pen™e  conditions  [7].  Such  activity  would  result  m a fuller  m 

yield  surface  water  flow  under  present  chmatic  cond  ^ particularly  widespread  as  implied  by 

developed  drainage  pattern  (Figure  2)  If  ear,y  in  Mars’  history,  then  such  systems  may 

the  increased  frequency  of  large  impacts  an  cycle  [2,8].  Similarly,  formation  of  the  Amazonian 

have  induced  a temporary  global  atmospheri  y ' g y l Jflow  channei  discharges  [4], 
age  Alba  valleys  might  have  received  additional  moisture  from  have  been  produCed 

Preliminary  calculations  indicate  that  typical  hydrot  n observed  on  impact  craters  and 

on  Mis,  should  hove  persisted  Ion,  enough  “ ^“"^d  remain  for  over  10*  years  » 
volcanoes.  Thermal  anomalies  in  a dry  300  1a  , V decreaSe  this  value  by  a factor  of  2 to  3 

Based  on  terrestrial  models,  an  actwe f„  Alba  Patera),  assuming  a Mauna  Loa  sized 
[7]  Possible  hydrothermal  systems  produced  by  a volcan  f ^ repeated  intrusions  of  magma  would 

magma  chamber  (350  km3)  may  persist  for  well-integrated  fluvial  valleys  on 

fa^clfformtn  appro^mltely  105  years,  vo,canic 

d - — ■* bs  the  quMt'ly  ot 

water  available  and  by  the  rate  at  w ic  - being  carried  out  to  determine 

Numerical  simulations  of  ideal.zed  hydrothermal  systems  are  systems.  We  are  assum- 

: <ba* " ba“H- br 
basalt,  regolith,  ejecta,  gabbro,  and  ga  determine  those  parameters  which  influence  the  hypothesized 

As  computer  modelling  continues,  we  wi  , n<j  widespread  hydrothermal  systems  may 

hydrothermal  systems.  We  will  thus  determine  how  important 

have  been  in  Mars’  fluvial  history. 
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MARTIAN  PALEOHYDROLOGICAL  CYCLES 

Victor  R.  Baker,  Department  of  Geosciences 
University  of  Arizona,  Tucson,  Arizona  85721  U.SA. 

Introduction.  Mars  is  a planet  characterized  by  strange  discrete  episodes 

heavily  cratered  terrain  and  very  low  awr age  denu  rims  pr’obably  by  fluvial  action  (4).  Despite  its 

of  crater  erosion  (2,3),  including  t e p a Mars  displays  extensive  evidence  of  periglacial 

modern  cold,  dry  climate  and  low  atmospheric  pressure^  lacUstrine  fealures 

(5,6,7)  and  ice-related  permafrost  features  (8,9  , ,he  persistent  action  of 
U 13).  Most  anomalous  are  the '"^^pping  palsies  JindicaJ for  the  genesis  of 
a hydrological  cycle  for  their  origin  ( ).  . . , without  lone-term  head  differentials  to  drive 

mo  . valleys  (14,  17,  18),  bn.  sapping  cannot  be  by  merely  melting  an 

water  flow  in  subsurface  aquifers.  The  reqntred  ^elTtlThel  bombardment  period  (15,  19)  of 

Models  that  explain  valley  development  on  Mars  by  a 

with  anomalously  young  valley,  glacial,  periglacial,  an  acus  . (24  25),  couid  produce  local 

mechanisms,  including  thermal  effects  of  ^L^Ln  b^me  “ollons  Moreover,  the  most 

(27,  28,  imp,,  immense  lahes 

(29)  or  a single  large  innundation  (30)  of  temporary  duration. 

Global  Model.  Baker,  Strom,  Cr0^"^  causative  system  that 

the  northern  Martian  plains,  named  Oce  - ocean-land-atmosphere  interactions  implied  by  this 

“Xm2n  o?r ^0:^, 

Martian  geomorphology. 

In  its  preliminary  form  (31)  the  model  involves  the  magma  beneath  this 

during  post-Noachian  Martian  planetary  history.  as?‘a®  £ drove  out  huge  quantities  of  water  from 

bulging  hot  spot,  perhaps  analogous  to  terrestrial  nft  ^ ^ catadysmk  nows  emanated 

subsurface  aquifers  confined  by  ground  ice  ( ).  ^ g,  The  huge  water  volume  concentrated 

from  the  e quatorial  zone  of  fractures  peripheral  to  the  e rapidly  transferred  to  the 

in  the  fractures  plus  ponded  water  m ^ ^bon  dicuddc  ice 

Northern  Plains.  The  cataclysmic  influx  o , . li  tjon  Gf  the  Oceanus  Borealis  ice  cover 

of  the  north  polar  cap.  Subsequent  evaporation  of  water  and  Cataclysmic  0Cean 

should  have  occurred  at  atmospheric  pressures ; e iev  Qf  watefvapor  and  carbon  dioxide.  As  Martian 

formation  would  produce  a transient  greenhouse  p , / h 0ceanus  Borealis.  Possible 

glacial  climates,  and  may  have  been  modulated  by 

cycles  of  planetary  obliquity  and  orbital  eccentricity. 
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• n,  ,-A  kCy  faCt0rfm  the  duration  of  an  ocean  interaction  cycle  on  Mars  is  the  probable  very  high 
infiltration  capacity  of  Martian  surface  materials.  Except  at  local  sites  with  volcanic  Pash  (21)  or  eolian 
covers,  precipitated  liquid  water  would  infiltrate  and  then  suffer  prolonged  storage  in  the  ground-water  zone 
s more  water  became  sequestered  in  the  subsurface  by  recharge  into  the  heavily  cratered  uplands  the 

“;a,ran  S'“  P y p,0d““d  lhe  ”Cga,iVe  f'edbaCkS  ,ha'  r""rnKl  the  p|anel  to  iK  predominant 

Implications^  The  above  ocean-land-atmosphere  cycling  is  best  evidenced  by  late  Hesperian  to  Amazonian 
features  of  Mars.  Repeated  volcanic  activity  at  Tharsis  and  Elysium  could  have  produced  recurrences  of  the 
scenario  at  varying  scales  of  spatial  and  temporal  effect.  Over  the  entire  histoiy  of  Mars  the  cycling  would 

S'dTS? TJ??  ‘m T j°"ary  Cl,anfnS  n ‘"’P”1  ooncent^ion  of  ZlZZ  deZtog 

Ma ^f37t  DnPrin"T' T °„  ' 1 <*>  reduce  the  initially  high  endowment  of 

Martian  water  (37).  During  the  Noachian  there  is  no  direct  evidence  of  a northern  plains  ocean  but 

widespread  valley  network  development  in  the  heavily  cratered  plains  implies  a pluvial  climate  of  warm’  wet 

UDland^and  ^lghcr  PIanetary  heatfl°w  (35)  heavy  impact  cratering,  widespread  volcanism  in  the  cratered 

pListnt  olL  S NPnT  2 greenl!ouse  atmosphere  (22)  all  would  favor  the  development  of  a 

persistent  ocean  The  Noachian  ocean  was  probably  progressively  initiated  by  fluvial  and  ground-water  flow 

to  sinks  on  the  Northern  Plains  and  the  Hellas  Basin.  Loss  of  C02  by  carbonate  formation  in  this  Noachian 
ocean  could  have  been  followed  by  burial  of  carbonates  beneath  the  clastic  sediments  of  younger  oceans 

returm  irth’  Carbf°nateS  may  have  concentrated  in  the  subsurface  by  ground-water  movement,  with  local 
u ns  to  the  surface  as  scapolite  (38)  formed  by  volcanic-hydrothermal  interactions. 

• DurinS  ‘hf  Hesperian  and  Amazonian,  ocean  formation  became  sporadic  and  transient  As 
cratering  rates  declined  and  planetary  heat  flow  was  reduced,  volcanism  became  concentrated  at  Tharsis  and 
Elysium.  Ocean  formation  was  by  cataclysmic  inception  via  outflow  channel  activity.  The  resulting  glacial 

and  ^.WeH  SKT',Ve,eP,S,0deS  ^ °Vera11  peHod  “Id-dry  conditions.  Valley  development  was  minor 

and  localized,  but  glacial  and  especially  periglacial  conditions  were  widespread. 

mav  noi^ennbOVw  T*?  ‘“V®  7"y  rich  Possibilities  for  unifying  Mars  geomorphological  studies  that  it 

to  make  MarsTlr  P T*  ^ “ U had  been  before‘  The  enigmatic  features  that  seemed 

to  make  Mars  a strange  world  now  derive  naturally  as  a consequence  of  planetary  water  cycling.  Even  the 

unusual  basal  volcano  scarps  of  Olympus  Mons  (39)  fit  the  model.  The  large  standing  bodies  of  water  could 

anal  ^ C°"dltl°ns  favorable  for  the  inception  of  life  (40).  By  exhibiting  global  water  cycling  in 

globafchange.  ^ '°  MafS  prOVldes  imPortant  clues  toward  understanding  problems  of  terrestrial 
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Alan  D^How^rd!  ^CHARGE  OR  DEWATERING? 

Charlottesville,  VA  22903.  onmental  Sciences,  University  of  Virginia, 

directly  or  indirectly  \o  the^es^ice0^ oflrouidwath66"  l°  the  action  of  Processes  related 

occurrence  of  channels  of  probable  fluvial  origin  f3  45)  °^^>ernia^rost  O’2),  including  the  widespread 
exists  about  the  environment  prevailing  on  E ^ of  uncertainty 
available  quantity  of  water  or  ice  (19/.)  g matlon  of  the  nuv'al  channels  and  about  the 

and  source  of  water.  Httewr^th  threTce^ti^oV  (7)  ^ f‘^“d.Water  or  ground  «*  as  a reservoir 
towards  groundwater  flow  mechanics  on  Mars  Prelim, nT^  ^ f 6 attent,on  has  been  directed 
groundwater  flow  models  have  been  made  to  assess  thr  f ary  slm“latlons  of  two  simple  transient 
the  recharge  rates  that  would  be  necessary  to  maintain  ™eSca  es  f groundwater  flow  on  Mars  and 
The  models  are  cross-sectional  models  assu^  groundwater  flow  early  in  Mars’  history, 

obey  the  Dupuit-Forchheimer  assumptions  for  unclfmed  V P7  F,ow  is  assumed  7o 

permeability,  k,  and  the  porosity,  77  are  assumed  to  he  f °W’  ” °ne  m<>dtd  the  horizontal 

areally  constant  aquifer  thickneK  uV  IheTeZl,  i . an7,  h™  7 *7*  wilh  *Plh-  The 

Of  the  aquifer  is  H:  f—  ....  . g h 15  L\ and  the  surface  elevation  change  over  the  length 

H 


£ SaSt^  - — •»  ™ nr  of  the  surface, 

and  the  water  drains  laterally  .hrou^  thistl  Thc  nlo'  " V’°  re™'" 

groundwater  divide  (no-flow).  The  proportion  of  the  tot  I P slrcam  face  at  *.£  1S  assumed  to  be  a 
(and  therefore  can  flow  out  „f  the  simulated  section,  is  SZSZ  * * 

requtred  for  6 percent  of  the  available  groundwater  to  How  on,  of  the  aquifer  is  given  by:  ’ # 

‘8  = T 8 L2uWkgH) . 

SVXug'i-S  X-qMa  ^ r'  Th'  P«  nnn 

q8  = Q8ksHT/(UL), 

values  ofS^C 

years  (for  martian  gravity  and  water  just  above  freezing).  arC1£S’  ‘ “ 

porosity  decrease  /js”^|*bMe^h^he^surfare^^f  ^ ^ **  permeability  ** 

V = Vo  e~^s-h)  and  k = ^ e-{3(hs-h) 

‘ 6 ’ ^ ^ ^ CqUiValent  f0rmda  t0  th3t  f°r  th£  case  ^0  and  7)0  are 

used.  The  appropriate  formula  for  discharge  estimation  is: 
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Qjkoe^'^W/^)  • 

where  *w  is  the  outlet  water  surface  e, era, ion.  S-a,io„  results  (Exponeutial)  are  shown  in  the  table. 

^ f Amrifpr  Dewatering:  A 


A 
flow 


Timescales  of  Aquifer  Dewatering. 
representative  scenario  for  mart.an  globa 

Stave  L*3000  km,  H«5  km,  T*10  km  -d 
jisiO.l.  For  these  conditions,  the  timescale  o 5% 
dewatering  of  the  aquifer  via  lateral  flow  is  ~10 
years  for  permeability  of  1 darcy,  f >000  year s f or  10 
darcies  (Carr’s  (7)  assumed  permeabihty  for  he 
martian  regolith),  and  109  years  for  10  darcies. 


Linear 

Exponential 

6 

Ts  Qs 

t5  QS 

These  resuUs  apply  both  to  the  homogeneous  aquifer  10% 
These  e pp  y ^ decreasing  50% 

laka 

(ecta 

0.01  darcies  and  porosity  -0.15 


and  to  porosity  and  permeability 
exponentially  with  depth.  MacKinnon  ana  — - -- 
(9)  propose  another  model  with  a 1-2  km  thick  e,ec  a 90» 

' ' r r . m c onH  nnrositV  ~U.l3 


0.14 

0.84 

1.73 

3.00 


1.0 

0.74 

0.32 

0.14 


0.13 

0.76 

1.46 

2.12 


1.0 

0.74 

0.37 

0.14 


V/  r • 

with  permeability 
overlying 


overlying  a 10  km  fractured  basement  Wlth  these  two4ayer  conditions,  the  effective 

permeability  ~103  darcies  and  porosity  ^ of  the  tiinescale  for  lateral  drainage  of  the 

relaxation  timescale  of  the  aquifer  w'  basement  and  the  timescale  for  vertical  drainage  of  the 

(10)  mi6h‘  " “al  'h,S  'aye' 

and  Therc  are  “V“al  P0SSib"  SO“'“S  an<1 

mechanisms  for  water  forming  valley  networks:  ^ tQ  ca,culate  thc  amount  of  recharge  that 

1)  Sapping  with  groundwater  recharge.  1 h aquifer  considered  above.  For  1 darcy 

would  be  required  to  maintain  °“0-s  cm/^  for  M->  darcies.  and  40  cm/yr  for 

nermeability  the  recharge  would  be  -0.04  cm/yr,  '/  in  an  unconfined  martian 

03  darcies.  Thus  the  possibility  of  widespread  groun  t tfif  is  high  the  groundwater  table 

groundwater  system  depends  criflcally  on  the  pLet  (assuming  recharge 

till  be  very  low,  and  seepage  will  occur  only  at  h 1 high  and  seepage  widespread  but  in 

- 5"  * V -5-20  km  spaan8  “wce" 

tpc  nf  1 to  100  cm/yr. 


small  volumes,  iviouesi  ",  im  „m/vr  . , 

valleys  would  require  recharge  rates  of  1 tc >lWcm/y-  situation  and  requires  either  occasional 

2)  Erosion  by  runoff:  This  is  the  typica  Nation  capacity)  or  seasonal  melting  of 

intense  rains  (sufficient  that  precipitation  meys«*d  CMSiderabiy  denser  than  at  present 

water-rich  ‘snows'  (IX).  Either  scenario  requires  an  atmo  p c()nsldc[able  dcbate.  Runoff 

to  form  near-surface  Cay  or  ca.iche  horbons  to 
z OTnari0  ,he  ■fo™aUon  * -- 

, suggested  to  be  due  to  groundwater  : 
by  volcanic  intrusions  (12,13)  or  impact 
. likewise  suggested  to  be  due  to  lava  inti 
ispheric  pressures  and  surface  temperature 
5 may  be  raised.  Mechanisms  for  incorpc 
rated  If  the  near-surface  ejecta  were  e’ 
i of  the  water  would  have  been  drained  fr. 

— e.  Earfy  in  Mars'  r*-— 

^SrdetCd  Z IS”"  tKL,  lh'  abSen“  °f  reChar8e  bV  S“Ch  mCChan,Sm  “ 


networxs  is  » • ;mnact-aenerated  heat  ^ , 

permafrost  by  volcanic  intrusions  W*)  ° , Pin[rfsions  as  siHs  (16).  These  processes  can  operate 
terrains  are  likewise  suggested  to  be ; due  to  similar  to  those  at  present.  However,  a number 

under  atmospheric  pressures  and  surfac  P ; of  voiatiles  into  the  surface  ejecta  have  not 

of  concerns  may  be  raised.  Mechanisms  for  ^orP°;at1^  QVcr  large  areas  for  a few  thousand 

been  elaborated.  If  the  near-surface  ejecta  were  eve  if  permeabihty  is  as  high 

years  much  of  the  water r would ' to  wo>Jd  ^ tWn  due  t0  high  thermal  grajents 
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mobilization.  ^ sXmeS^  °f  SCeps  WOuld  ^ avaUable  for 

flanks  of  volcanic  shields  and  valleyfsuch  as  Nirgal  Valtes  wS^  H I**  $yStemS  on  the  ,ower 
However,  the  Noachian  valley  systems  have  much  smaller  ^h  heads  ,n  a large  undissected  upland, 
extend  almost  to  crater  rims.  Erosion  of  channels  b^rlnnfT  bUtU,g  3nd  the  channe,s 
water  10»  to  10»  times  the  volume  of  eroded  solids^lT)  furthe  SC6page  ,probably  volumes  of 

dissect  .on  in  the  cratered  terrain  may  be  greater  than  piously  eXaled **  ^ °f  fluvial 
In  summary,  erosion  of  valley  networks  hv  r„Lff  X • • (18) 

««  With  hydrological  considerations  *■--  , |°°"  “f®  S"fa“  recharSe  seem  most 

have  lasted  long  (-10*  ,o  10»  years  in  total)  and  c3d  have  feen  ““  T *°  rechar8'  "«d  "« 
volcanic  history  (19,20).  ' d have  1x611  ep^odic  depending  upon  impact  and 

channels  is  the  need  for  rapid  mobilization  of  ZT  ^ drstmctive  characteristic  of  the  outflow 
from  hydrothermal  melting  of  permaS  is  comm  ' T “ ° a"d  ***•  Supply  of  wata 

possible  release  mechanisms  have  been  proposed:  ° ° ° theSC  models*  ASain>  a number  of 

relatively  im permeable” ejem  ^regohlf  (9)  Wate/  “ Confined  by  permafrost  (7)  or  a 

exceeding  the  overburden  weight. PermeaLty  m^hl  due  l°  aquifer  Pressures 

water,  and  the  confining  permafrost  or  ejecta  must  he  ^ / darcies)  to  please  sufficient 
Otherwise  very  rapid  hydrothermal  melting  would  be  ^ ‘°  prCVen(  slower  dewatering, 

counterbalance  lateral  drainage  As  discussed  d fu  reqi!,red  over  tune  periods  <103  years  to 
high  permeability  aquifers  well  above  global  b^ dewlYs^T8  °f hrge  voIumes  °f  groundwater  in 
occurrence  of  massive  debris  flow  might  Sfeve  the  tee  SJE  ^ ® haS  bee"  SUg86sted 

2)  Release  from  surface  storaTe  ■ nZr  g d sf.harge  re<lu'rement  (9). 

ice-dammed  depressions  (e.g.  Valles  Marini  ZTThtot^T^Z  fectonic- ^c^okarstic,  or 
dramageways  is  another  possibility.  Some  outflow  vail  ^ terrai^  Vla  surface  or  subsurface 
appropriate  surface  reservoir  except  by  putativf  subteZT  “*  °bvious,y  c°miected  to  an 
advantage  of  not  requiring  sudden  mZilizariontf  groundwater  3 Th‘°Ut^SK  mechanism  ba*  ‘he 
if  combined  with  recharge  from  melting  of  southern8  be  30  effective  mechanism 

3)  Tectonic  uplift:  Direct  aaulL  nZ  Z de  "*  deposIts  C21-22) 

aquifer  were  either  very  impermeable  or  tig^/y  Zonfined3^^1^  f.ndT|tiIting  could  only  ^cur  if  the 

slowness  of  tectonic  deformation.  8 Y COnfined  1x111  vertically  and  laterally,  due  to  the 

Jtow  '7  '"r'"'  C°ndUi'S  f°r  Sro“"d™'^ 

■ the  onginal  basemen,  rock  wcfc  ‘T  °'"n<»S  “”ld 

dramage  of  the  overlying  ejecta  zone  due  to  tL  reduction  in  Pffh  iW  fraCtUres  could  Pr°vide  rapid 

In  summary,  the  major  difficulty  ZiT  ! ,n  effcct,ve  lcng‘h  scales. 

channels  is  providing  large  reservoirs  of  groundw^ZZZ^TTh'T^'  f°r  ‘arge  n°°ds  in  outflow 
artesian  aquifer  pressures.  K aquifers  of  high  permeability  while  maintaining 

187-216;  (3)  Baker,  V(R„  1982^0^^’  ^ ^ MH’  1986>  Ica™>  68, 

(5>  MCWG-  W83,  Geol.  si^Amer'l7l  1981>  Staface  of  Mars, 

236,  1653-54;  (7)  Carr  M.H  197Q  / r*  / n * 1035-54;  (6)  Greeley,  R.  1937  c :cirnro 

fd’  hi2’  9135'52;  (9^  Ma6KinnZ  dT  r K^akaT r®  S M > 1987’  - w 

Soderblom,  LA.  and  D.B.  Wenner,  Icarus,  34  622-37  A Dr’.  nT ^ ReS’  94>  17>359-70;  (10) 
Schultz,  P.H.  el  al,  1979,  LPSC  X,  1075-77-  ( 131  Wilh’  f r>  Z’  GD’  1987>  Icanis>  72,  95-127;  (12) 
1270-71;  (14)  Brakenridge  G.R.  et  al  IQXS  r / 6 ms>  and  RJ.  Baldwin,  1988,  LPSC  XIX 

fs-(mc  °S  lqUyrCS’  SWe‘al,  1987,  IcamsT^lm'ai)  ^ 1988’  LPS^ 

1-5,  (18)  Craddock,  R A.  and  TA.  Maxwell  1990  /’per  vvr  Howard,  A.D.,  1988.  NASA  SP-491 
311;27;  (20)  Posl.wko,  S.E.  and  FS  <19>  Carr-  MH-  lemu,  79 

ff™1  40‘4>l  (22)  Kargel,  J.s.  and  R.g'.  Strom  LPSCXx/ 5V7  <2i)  Ballcr'  VR  « 

MacKinnon,  1989,  NASA  TM  4130,  323-4.  ’ LFSCXXI>  597‘8;  (23)  Tanaka,  K.L.  and  D.J, 
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preliminary  model  of  processes  forming  SPUR-AMH3ULLY  terrain 

PREUMINAK  D Howatd  DepartmMt  of  Environment  Sc.ePces 

University  of  Virginia,  Charlottesville,  VA  22903  U.hA,. 

The  walls  of  Valles  Marineris  arc  general  ^Xtl  Uterally"  and  concave 

extending  downslope  from  the  scarp  cres  s,  es  wasting  of  the  spurs  has  created 

gullies  and  talus  which  has  accumulated  at  the  angle  of  repose.  * hy  is one  of  the 

the  talus  slopes,  which  gradually  bury  thescarp .as  Th  J ^Jqq[  the  late  stage  mass  wasting 

youngest  landforms  on  Mars  and  therefore  is ^en  ‘a J Uc  and  al  ine  environments  (5-9)  and 

35T “ m slightly  cohesive  sediments  («,).  Studies 

°f  landform 

the  topography,  deposits,  and  terrestrial [ The  rang(.  in  scalc  from  tiny  forms  m 

debris  avalanches,  and  talus  accumu  a i P on  Valles  Marineris  scarps  suggests  that  the 

2? rs£5  2SSKTSJ  bl  i—  materia,  properties  and/or  weathering 

environmen^OT  Ma^pproa^h^s  wou|d^  usef^  for^MphcaUn^ Jhe^e^r^e^ses,  ^^uAng^te^est^^ 

“ ^flXstlTa'Zleuca,  approach  Is  uhcn  to  examine  a Cass  of  processes  .ha.  appear 

to  be  sufficient  to  explain  development  of  spur-and-gul^  indicates  that  the  upper  slopes 

Examination  of  Viking  images  and  photos  of  ^rrcstnal  analogs  ^ ^ ^ scarp  crcsl  and 

of  spur-and-gully  topography  is  organized  into  steep,  * profiles  from  the  scarp  or  spur  crusts 

along  the  crests  of  spurs  extending  down  the  slop.  poored,  giving  way 

are  concave,  with  the  upper  portions  being Unending  upon  talus  angularity  and  grain 
abruptly  downslope  to  talus  at  t e ange  o r p exp’lain  the  development  of  basin  forms.  One 

size  range).  Two  classes  of  models  exp  ana  8 surface  rocks  coupled  with  topography, 

possibility  is  that  stress-strain-failure  relationsh.ps  in  near  * f weat£cring  processes  might 
spatially  variable  rock  resistance  or  fracture  pat  ern  , wasting  processes.  Although 

develop  spur  aud  gully  lorms  ££££  ^ P^rud  such 

not  specifically  applied  to  spur  an  g y , ^ and  references  therein).  The  other 

arguments  for  development  of  crenula  c orm.  p erosive  such  that  the  basins  develop  due  to 
possibility  is  that  the  rockfall  and  avalanche  processes  ’iHe  for  crcation  of  fluvial  drainage 

economy  of  scale  in  the  erosive  proems  Obs'ervalions  of  spur  and  gully 

basins  (5-9).  The  models  proposed  here  fall  into  the  m»dc^y.  ^ ^ interpretation.  The 

morphology  and  processes  occurring  in  minia  ure  g profile  and  lack  sharp  bends, 

depressions  (chutes)  in  the  floor  of  these  steep  basms  a e fairly  smooth  m pro  ^ ^ ^ ^ damp 

Furthermore  in  larger  basins  several  chutes  may  c ^ originating  from  slope 

sand  miniature  analogs  the  chutes  are  clearly  ^ ^ ^ 

crests.  Finally  in  both  miniature  analogs  and  larger  terrestrial  a 

rSPSibtr  SSSi  maximum  shuaciug  slccngih,  r,.  aud 

normal  stress,  f , on  the  failure  plane. 


Tf  = c + 


a f Tan  'ip, 


[1] 


c = co  exp  (-a(f-to)} 


[2] 
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M^sCL“«  “ S,M<  < jr,h!  “dr  “h  “ * ?aT “fathering.  Individual 
infini.u  slope  can  be  assumed.  Under  these  coudhSilmVoc^r""3'  ra',Ure  P'a,K  Pa'a“d  ‘°  “ 


l > 


(c  + Pgd  Cos  6 Tan  ^p)/(pgd  Sin  0 + rs), 


P] 

higher  onVhTdtapi'ff^  Sctfon"  of  scarp  becomes  m f bT  C.Xerted  by  mass'was,ing  debris  shed  from 
the  slope  is  routed  downslope  Models  MStabIeduc  lo  decreasing  c the  debris  shed  from 

resistance:  ^ * °f  3Valandie  m0t,°n  «WC*  the  Allowing  form  for  flow 

rr  = Pgd  Cos  0 Tan  p + p C(  C2,  ^ 

SSn"  rea",  f a"d  Cf  “ a “*<««  of  "turbulent" 

frictional  dissipation,  and  "plowing"  of  surfact™  ^ T ^ 1 ^ may  rePresent  air  drag,  internal 

additional  "laminar"  frictional  term  oronorHona^  , T^,  ^ Some  models  (13,15,18)  suggest  an 

suggest  Tan  p z 0.15  and  ( = g/Q  « 1500  m/s”  02-17)’  “ S"ow  avalanehing 

unimportant  so  that  rs  is  eauated  with  t-  • , , In  roc^  avalanches  air  drag  is  generally 

«re„ce  between 

dF2/dy  = 2g[(Sin  0 - Tan  p Cos  0)  - [5] 

rte  SkT"??  “ ”ad' •ha‘  f and  “ ■““*>  «®«* 

the  talus  slope.  eroded  matena!  is  deposited  where  V decreases  to  zero,  generally  on 

avalanche  debriW3j°  smSe^rr6  ml?T  by  lhe  d“lab'lizi"8  innueuce  of  moving 

frictional  stress,  rr:  ^ Crode  ,hc  ™k  « * rate  proportional  the 


An  = -/?  rr  A / v, 


[6] 


the  moving  blockoT  av^lan^^  °Q  ““f®*  f°r  3 gh?"  avalanche  event>  A is  the  length  of 

function  of  the  cohesion"  ’ P “ 3 rate  C°nStant  wfuch  can  be  “ed  to  be  an  inverse 

Initial  co”dkfoTa^^Cs1:carIhof  hdght  are  bcorP°rated  into  a 2-D  simulation  model, 

gradient  0q,  lp=45°  and  randomlv  t ^i  mg  a ^at  vabey  fl°or  with  constant  initial 

distributed  with  a specified  mean  and  variance)  The  vah ' ° *°  be  lo?normally 

stability.  The  simulation  model  progressed  fhrni  h t ,•  CS  ° are  cbosen  to  assure  initial  slope 

strength  of  the  surface  layer  as  mdfeated  above  Once"  rriv^che”3'^"'"8  gr3dUaHy  rcducin8  the 

s ope,  now  of  that  plug  of  material  is  routed  downslope  and  the  factor  ofTfetvk  7?"*  f 

slope  segment  traversed  bv  the  firm/  t™  „ , ,L  F ^ . or  01  satety  is  determined  for  each 

downslope  segments  also  fail  Erosion  anri  d h • ^ ™ “e  of  T*  is  ™mciently  large  lhal  a nnmbcr  of 
•he  additional  failed  or  eroded  s^Z,*^,  may  alS°  “““t  duc  to  W Debris  from 

plug  moves  independently  although  observations  C °pe/f°r  simPllclty  ^ *s  assumed  that  each 

portions  of  the  stope  invo  ved  in  an  22' Z7^T  “T  sin,ulla"““  "■«».»  of  all 

removed  from  the^  slope  Id  °V  S“,faCC  skin  of  lhick”«  «<  i 

randomly  as  discussed  above  In  the  simulation/  ^ begms’  w,th  a value  for  c0  assigned 
wealher^ure  moverhangs and  momenium  ^ 

the  accumulating  lalus.  Under  O.csZZi'Z' <tj l To 
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. • ,v,»  ra<;p  Note  that  the  assumed  value  of 

spur-and-gully  topography  would  be  unlikely  to  fomm  ^ unrealisticany  gentle;  either  rockfalls  are 
the  dynamic  friction  angle  M gives  a ta  P friction  angle  than  flow  over  rock. 

tz  ^ ~ w « — *»  » 

— - -- 


stress  oy  moving,  ■ . , 

7v  = Tr  The  important  feature  of  this  case  is  the  the 
valley  wall  steeping  through  time  due  to  greater  chances 
for  instability  at  the  base  of  the  slope  due  the  1 die  V> 
dependence  of  rs.  This  is  the  type  of  economy  of  sede 
that  can  result  in  deepening  of  flow  chutes.  In  three 
dimensions  the  scale  economy  would  be  magn.fied  by 
the  potential  for  avalanche  flow  convergence  into  . 

established  chutes.  • 

Case  HI:  In  this  case  surface  erosion  w 

permitted  «3>oj,  but  movement-induced  instability  was 
disallowed  (Ts-0).  The  results  are  very  similar  to  Case 
II  in  that  the  scarp  steepens  as  it  retre  . 
both  Case  II  and  Case  III  (or  a combination  of  the  two) 
seem  capable  of  explaining  development  of  spur-and 

guily  lanFd^SModcling  Efforts;  Unfortunately,  3-D 
simulations  are  difficult  because  slope  angles  approach 
and  exceed  90°,  making  the  usual  areal  me  h 
discretization  impractical.  A vertical  mesh  was  used  m 
the  present  simulations,  and  could  be  used  for  the  3-D 
case  but  this  does  not  allow  the  possibility  for  slopes 
feeing  backwards.  A surface-conforming  mesh  would 

be  best,  but  is  difficult  to  implement.  , 

Conclusions:  Field  observations  and  the 

simulation  modeling  suggest  that  spur  and  gully 
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* 1 |1 

simulation  modeling  suggest  that  spur  an  g q{  njckfall  debris.  However,  at  least 

topography  is  created  due  to  enhanced  eros  . rock  and  avalanche  properties  could 

two  distinct  erosion  models  with  different  epen  enci 1 . sludy  is  rcquired  to  pick  a realistic 

produce  spur-and-gully  topography.  Further  field  bccn  -t  would  possible  to  make 

model  and  to  constrain  model  parameters.  O h rockfall  mechanics  on  martian  scarps, 

inferences  about  rock  properties,  weathering  processes, 

References;  . R.p.  and  M.C.  Malin,  1975,  Geol.  Soc. 

(1)  Sharp,  R.  P.,1973,/.  Geophys.  Res.  78,  4063  (2)  ^ 82,  4067-4091;  (4)  Lucchitta, 

Amer.  Bull,  86,  593-609;  (3)  Blf  £ (6)  Matihes, 

B.K.,X  Res.,  U.S.  Geol.  Survey,  6,  651-662  (5)  Akerman,  H.J.,  1984,  Geograf.  Annul. , 66A, 

F.E.,  1938,  Int.  Assoc.  Sci.  Hydrol.  Bull.,  23,  63  > , ,0)  Rapp,  A 1960j  Geograf.  Annul.,  42, 

267-284;  (8)  Rudberg,  S„  1986,  Geograf.  Anna  .,  68A,  41  63  ( ) ^PP  ^ NASA  TM  4130, 

73-200;  (10)  Howard,  A.D.,  1989,  Reports  of  t ie  an  r>  NASA  TM  85127,  242-243; 

UG-  (11)  Patton,  P.C.,  1982,  o a^D.B  Prior,  eds),  Wile,.  Chichester 

(12)  Whalley,  W.B.,  1984,  m Slope  Instability  ( • Dent,  J.D.  and  T.E.  Lang,  1980,/. 

217-256;  (13)  (16)  Baser,  O.  and  H. 

Glaeiot.  26, 131-140;  (15)  M“>”f  ■ J ‘S'  D.„.  aad  PA.  Schaerer,  Am  Giaaol.  4, 

170173'’  m McZZ  a s ^dM.c’MaUn!  1990,;.  Voice,,  Ceo,„enn.  Res..  in  pres. 


347 


Alan  P W NETWORKS  ON  MARS 

Charlottesville,  VA  22903  mental  Sciences,  University  of  Virginia, 

bombardment,  but  ’'understand!^'  XT  I"°a,y  !ormed  duri"e  kite  stages  of  heavy 

hampered  by  the  extensive  'VT°°°*°‘°'  “*se  (tuvia,  networks!! 

erosion-deposition.  The  climatic  environment  durinc  thkti  Ca“c  actlv,ty>  tcctomsm,  and  eolian 
evidence  suggesting  conditions  ranging  from  a cold  ^rfac^,^-8^  UDCertain’  with  various  lines  of 
moist  climate.  Valley  system  development  under  the  former  s atmosPh^  to  a relatively  warm, 
sappmg  processes  resulting  from  hydrothermal  melting  of  “f?°  haS  been  suggested  to  be  due  to 
™Pact  (1  ,2).  Under  moist  conditions  runoff  pIocestfmthTT  "*  by.™kfanic  intrusio^  or  crater 
(4)  suggests  an  intermediate  scenario  regulated  bv  CO-,  JL  ^ur,  possibly  from  snowmelt  (3).  Carr 

wa"r\th  i:Zno7:zTud  ,o  hover  “ 'he  -sis?  5s£“  forn,a,ion  by  surface 

weathering  and  runoff  processes  ^hat  were  arrested  at^n  TarT  f networks  resulted  from 

recent  study  has  suggested  widespread  degradation  of  Noacl^  ^ ^ 3 detenorating  environment.  A 
erosion  (5).  Some  high  relief  areas  of  the  watered  nnll  *°achia“  cratered  terrain,  probably  by  fluvial 
slopes  and  well-defined  drainage  divides  have  forled  ^ d,Ssected  efficiently  that  graded 

along  the  Loire  Valley  channei%i5A45  ^S£^1“Ch  f 3 20,16  about  »-*>  km  wide  centered 
not  because  of  a lack  of  streaj  “ **«“  arc 

suitable  initial  conditions  of  fresh  cratered  Sac ef  ° ]deVe,0pment’  but  b^ause  Earth  lacks  the 

::rxrx!r more  commOT  and 

zzsz  r r ^ * — •— 

ejecta,  and  considerable  variability  of  composition  and  orn  • rims)>  a nchIy  textured  surface  of 
that  large  spatial  variations  in'  draLSTeSv^aSdT0^  of  "^al.  It  is  likely 

drainage  network  would  result  during  early  staees  of  d , dlssect,on>  as  well  as  a fragmented 
advances  in  computer  capabilities  hTs  made  feasible  th7  l f 3 Cratered  IandscaPe.  Recent 
dissection.  Similar  modeling  of  volcanic  dissection  is  a|re  H SI.miJatl0n  modelinS  of  cratered-surface 
general  discussion  of  the  representation  of  drainaee  basin  n V “ prTefS  ^ This  abstract  discusses 
examples  of  a partial  simulation  model  of  drainage  basin  d^^L“  SlmuM,0n  models  and  Providcs 

absence  of  significant  contriburionT^y  bg^ciT^ohlnf0voTcad-a,nfge  ^ deVclopment-  In  ‘he 

processes  the  following  processes  must  be  accounted  for  ’ ’ teCt°n,c’  and  marine-lacustrine 

Weathering 

Physical  [rock  slopes,  exfoliation,  tafoni,  some  bedrock  streams! 

Entrai ^7  ,Sr°“ad kn, 

Solution  [karst] 

Rainsplash  [badland  slopes] 

Boning  water  [piping,  rills,  bedrock  streams] 

Regolith  failure  frockfall,  landslides] 

* ransport  and  Deposition 

Rainsplash  [badland  slopes] 

Mass-wasting 

Creep  & flows  [convex  slopes,  solifiuction] 

„ - , fD6bns  Flows  ftalus>  earthflows,  lahars] 

Fluvml  [alluvial  channels  and  fioodplaias,  fans'  deltas] 
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element  is  largely  determined  by  the  limiting  process  (examples  are  given  m brackets),  ^ some  cases 
woTocS*  dLL  arc  inseparably  Baked  <e.g.  solu.ienal  weathering  and  en  rru^en,  ■■  ^d^er). 
Landform  elements  limited  by  weathering  rate  generally  expose  rock,  those  limited  by  entrainm 
generally1  regdhth ^covered,  and  those  limited  by  transport  and  deposition  have  a col  uvial  or  sedimen 
mantle.  Clearly  a comprehensive  model  is  impractical,  although  one  approach  to  slope^ 
been  to  try  to  parameterize  all  important  processes  for  particular  circumstances  ( , ).  PP 

suggested  here  is  to  explicitly  include  only  those  processes  that  are  l.m.tuig  acto^  ^ ^ £ 

model  other  processes.  In  fact,  only  running  water  entrainment  and  creep  transport  (bold 
above  table)  are  included  in  the  preliminary  model  discussed  below. 

Drainage  basins  result  from  simultaneous  action  of  diffusional  and  concentrative  processes,  o 
example  er^Xlash,  and  possibly  some  forms  of  overland  flow  are  d,ffns,o„al,  whereas  most 

rnnoff  (conctS  erosion.  Wealhering  is  assnmed  no,  ,o  be  a IlmUing  facto,  and  rs  n«  exp  , a, 
modeled.  Creep  is  assumed  to  be  limited  to  surface  soil  layers,  and  thus  is  independent  of  total  soil 

deDth  The  creep  flux  a is  a function  of  the  slope  gradient,  S:  q = Ks  S /(1-^t  S ),  where  K&  is  a rate 
and e ^constant  exponents,  and  a constant  Kt>0  allows  for  threshold  ‘-.ting  slope 
(bold  type  indicates  vector  quantities).  The  rate  of  erosion  due  to  creep  £s,  equals  the  divergenc 
Seep  V %.  Channels  and  rills  are  assumed  to  be  bedrock-floored,  with  channel  erosion  rate,  £* 

depending  upon  overland  flow  shear  stress,  T:  £c  = Kc  (T-Tcf , where  rc  is  a critical  shear  stress  and 
^ is  a constant  exponent.  Simple  hydraulic  geometry  arguments  permit  quantification  of  T as  a 

function  of  contributing  drainage  area, /l,  and  local  gradient,  5:  T = Ke  ^ ^ . ^’rMube^^he'total 
bedrock-floored  channels  means  that  explicit  sediment  routing  in  channels  is  n°*  r°q  , ; 

erosion  at  any  location,  £t>  equals  £s  if  *c  = 0,  otherwise  it  is  Es/rj  + £«,  where  7)>  1 models  the  easier 

erosion  of  soil  debris  than  bedrock.  ^ cimulations 

Simulations  have  been  conducted  with  this  model  on  a . rate  £h  The 

nenerallv  assume  one  boundary  is  a horizontal  outflow  which  is  lowered  at  a cons  ant  rate  £b-  Ihe 

fp^TnlryTa  drainage  divide,  and  ,he  side  bmmdaries  are  "a,e 

very  low  relief  with  a random  drainage  pattern  The  sm.jdat.on t .s  ran  to ^a  nearly  »eady  ^ 
topography  (£1500  iterations).  The  simplest  model  assumes  a- 1,  7c  0,  A > V , P _ 
anPaSumed  grid  spacing  of  unity  the  following  values  give  a reasonable  drainage  density.  Kc  Ke  , 
Ks  “OJ  to  35  ^ith  an  erosion  rate  E?«l  (Figure  1).  A badlands-like  topography  ,s  formed  if 

77  6 anAOTfication7toMars:  The  use  of  simulation  models  of  landform  development  permit  the  testing 
of  hypotheses  regarding  erosional  processes  and  comparison  of  model  results  with  observed  mart.an 
valley^ systems  For  example,  notable  characteristics  of  the  vaUey  systems  are  large  areal  variations  1 
Sadden  ity  and  degree  of  dissection,  irregular  basin  shape,  apparent  strong  structural  control  of 
valTy  ^S,  and  small,  variable  junction  angles.  Noachian  vaUey  system  ™ 

rudimentary  by  terrestrial  standards,  so  that  the  steady-state  topography  of  Figures  1 and  2 is  clearly  a 
inaomo'priate  analog  However,  the  same  model  can  be  run  to  show  initial  stages  of  development  from 
an  irregular  initialTurface,  as  shown  in  Figure  3.  Although  this  model  is  not  optimized  to  simulate  t e 
presunfed  martian  conditions,  erosion  of  an  irregular  surface  results  m considerable  areal  variation 
depth  of  dissection  and  drainage  density,  as  is  observed  on  the  martian  heavdy-cratered  terrain. 

P Several  steps  are  required  to  develop  a simulation  model  specifically  for  Mars.  First,  inrta 
conditioiT  must  be  specified,  both  in  terms  of  topography  and  erosion  characteristics  of  surficial 
materials  An  appropHate  choice  would  be  a cratered  surface,  possibly  with  local  volcanic  Aocxli  g. 
Sources  for  cratered  topography  include  measured  planetary 

laboratory  or  simulated  surfaces.  A cratered  surface  poses  some  mode  1 g ’ 

tS ^Btenlerous.  This  means  ,h„  the  model  mns,  be  capable  of  handlmg  surface  wader 

How  into  depressions  (searching  to,  the  outlet  and  possibly  allowing  f“  l°B°f”t  "11° 
plw£  rf  fan.  playa,  delta  and  lacustrine  sedimentation.  The  model  drscussed  above  . no, 


349 


presently  capable  of  treating  enclosed  depressions. 

Furthermore,  assumptions  must  be  made  about  the  hydrologic  and  erosional  processes  that  are 
acting  on  the  landscape  and  their  appropriate  mathematical  formulation.  Given  our  uncertainty  about 
early  conditions  on  Mars,  the  best  approach  is  to  test  a variety  of  process 

resulting  simulated  landforms  with  martian  prototypes.  For  example,  the  simulations  reported  hire 
assume  surface  and/or  throughflow  runoff  as  the  dominant  contributor  to  erosion  and  tonsport  by 
running  water.  A contrasting  hypothesis  would  be  areal  recharge  of  a regolith  aqu&l Teepa^ 
discharge  and  erosion;  this  could  be  modeled  by  a regional  flow  and  seepage  erosion  model  simil^to 
an  existing  scarp  erosion  model  (11).  The  basic  model  could  also  £ LjLTd ” kdude  vSllv 
wi  ening  by  fluvial  lateral  erosion,  weathering  and  mass-wasting  of  steep  bedrock  slopes  (eg  crated 

cratfCor^ciT^S!'"8  d"ing  “ 6r°Si0"’  ““  h>'dr°tlKr'"al  due  to 
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EVALUATIONS  OF  FLOODS  ON  EARTH  AND  MARS 
BY  FLOW-COMPETENCE  TECHNIQUES 

Paul  D.  Komar,  College  of  Oceanography 
Oregon  State  University,  Corvallis,  Oregon  97331 


'Z  various  rivers  and  tor  movement  by  ocean  currents  can  be 
made  to  converge  if  normalized  to  the  respective  bed-mater.al  median  gram  sizes,  B< 

yielding  the  relationship  {Komar,  1989) 


0tm  = 0.045(Dm/DB)-0-65 


(1  ) 


where  Dm  is  the  diameter  of  the  largest  particle  transported  and  9tm  = xtm/(ps  - p)gDm  is 
the  dimensionless  Shields  entrainment  function  (xtm  is  the  mean  stress  experted  by  the 
flow,  ps  and  p are  respectively  the  grain  and  water  densities,  and  g is  the  acceleration  of 
gravity).  Using  this  definition  for  0tm  , equation  (1)  can  be  rewritten  as 


ltm 


= 0.045(ps  - p)gDBo65Dm 


0.35 


(2) 


This  relationship  provides  the  best  empirical  evaluation  ot  both  selective  a"d 

tow  competence  and  has  the  advantage  that  it  is  dimensionally  homogeneous  and  accounts 

,he  ^£££2!!?  uZZese Ple',,,,^^S3Sd,,S 

were  eroded  by  the  rapid  drainage  ot  Glacial  Lake  Regina  in  Saskatchewan.  Canada,  studied  by 
Lord  and  Kehew  (1987).  The  largest  boulder  in  the  Souris  Spillway  has  a diameter  m 
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Figure  1 : Test  of  equation  {1)  with  gravel-entrainment  data  from 
streams  and  under  ocean  currents.  [Komar  (1989)] 


1 .54  m,  and  the  median  diameter  of  the  deposit  as  a whole  is  DB  = 0.03  m.  This  yields  t 

!:i^2  fr°m.eqUat?n  (2)  aS  the  estimated  mean-flow  stress,  and  the  corresponding  mean 
veloc  ty  is  estimated  to  have  been  2.6  m/sec  and  the  depth  45  m (Komar  1988)  This 
calculated  depth  is  essentially  the  same  as  that  established  by  Lord  and  Kehew  in  their  field 
measurements  of  the  eroded  channel,  providing  partial  confirmation  of  the  flow-competence 
assessments  using  equation  (2).  ” 

. The  relat'onships  can  be  used  in  reverse  to  estimate  sizes  of  particles  that  were 
transported  by  the  floods  on  Mars  that  eroded  the  outflow  channels.  Using  my  previous 

thP  m!fS  °f  f °W  S!l!SfeS  °f  th0Se  fl00ds  derived  from  channel  dimensions  (Komar,  1979) 
the  maximum-size  boulders  transported  would  have  been  on  the  order  of  5 meters  diameter’ 

This  illustrates  the  extreme  magnitudes  of  the  Martian  floods  and  their  abilities  to  entrain 
and  iransport  very  large  materials,  leading  to  the  rapid  excavation  of  the  outflow  channels 
When  future  mtsstons  to  Mars  yield  data  on  actual  particle  sizes  transported,  we  will  be 
able  to  utilize  the  above  flow-competence  equations  to  directly  infer  mean  bed  stresses  and 
then  to  estimate  mean  velocities  and  discharges  from  the  flow  equations 

Although  the  above  relationships  account  for  the  observed  patterns  of  selective 
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entrainment  of  coarse  materials  in  stream  ^ of  the  actua|  processes  of  grain 

their  serving  as  a foundation  for  a bet  evaluate  floods  on  Mars,  an  application 

entrainment,  and  raises  concern  in  data  base  To  overcome  this  deficiency,  I 

which  requires  extrapolations  ey  . , for  Darticle  entrainment  involving  grain 

have  undertaken  detailed  analyses  of  models  as  succeSsful  as  the 

pivoting,  rolling  and  sliding  (Komar  and  U,  )•  d hi,  pr0viding  a firmer 

empirical  equations  when  estimates.  Another 

understanding  ot  the  physical  P,0C®X  ence  analyses  is  that  they  rely  solely  on  the 
short-coming  of  the  existing  f>ow-compete  y competence  of  a flood  must 

maximum  particle  sizes  transported,  ^hterea^' 'S.C'6ra  _ sizes  This  has  been  demonstrated 
be  reflected  in  the  total  distribution  variation  in 

for  the  bedload  gravels  in  Oak  Creek, ° fg  ’ arain.Sjze  distribution  with  changing  flow 
grain-size  ranges  and  in  the  overa  pattern  of  changing  grain  sizes 

stage  (Shih  and  Komar,  1990).  We  have  e®  different  size  fractions  (Shih  and  Komar, 

as  the  basis  for  computations  of  transport  from  Great  Eggleshope 

in  press).  We  are  now  comparing  to  contrasting  fabrics  of  bed 

* -ain-sodin, 


b"cS  and  Mears.  A.I  Calculates  oHIows^d  to  — o, 

Boulder  Creek  alluvium  at  Boulder,  Colorado,  Geol.  Soc.  Amer.  buh., 

KomaqP-D.,  Compadsons  o.  the  hydraulics  o,  ~ outflow  channels  with 

KomarrP^.f^loc^e  grain  ^nha'in^^  by  ^^rrentfrom^a  sizes:  * 

g°~"afnmen,  andfhe  empirteal  enaction  o.  .low  competence. 

Sedimentology,  34,  1 1 65-1 1 76, 1 987b.  p..//  ioo, 

Komar,  P.D.,  Discussion  (of  paper  by  Lord  and  Kehew).  Geol.  Soc.  Amer.  Bull.. 

Komar1  P D.!  Row  ^mpetence  evaluations  ot  the  hydraulic  parame^ot  fl^:  An 

zszssxzu  •*"  wi,e» & sons' 

KomT'p  D ' IndU,  Z„  Applications  o.  grain-pivoting  and  sliding  ana*ses « 

Shh  T M 'an^Komafp^TiSefe^rbStranspod  rates  in  a gravel-bed  stream:  A 
grain-size  distribution  approach,  Earth  Surface  Processes  and  Landoms,  in  press. 
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Ancient  Aqueous  Sedimentation  on  Mars 


juies  M. 


^omspiei  and  Steven  W.  Squyres 
Center  for  Radiophysics  and  Space  Research 
Cornell  University,  Ithaca,  NY  14853 

valley  systems  are  the  result  of  m3  have  CT!Lten.d  terrain  of  Mars-  These 

very  early  in  martian  history  when  the  climate  wk  ' fi  'nterpreted  35  evidence  for  a period 
like  than  it  is  at  present.  Examination  oTvikiT!  y Wa[mcr’  wetter  and  more  Earth- 

in  some  instances  debouch  into  d^dlnLs £'°*  °u  f'  ,n“*“  shows  ">«  «*•  valley  systems 
These  depressions  hence cj be ^ATX.W0f™  “T  ‘°C1'  P°”di"e  bas“s  f“  «“»• 
sites  are  ancient  craters,  while  in  Xrs  they  are  ocsf,^  “‘‘'■"Station.  In  some  cases  these 
Because  they  are  low-lying,  closed  depressions  tW  °pograptuc  Jo^s  nestled  among  crater  rims, 
low-viscosity  lavas.  A number  of  them  annear  tA  b * ^ & S°  S'teS,  favorab,e  to  accumulation  of 
cessation  of  fluvial  activity.  aVe  underSone  volcanic  filling  subsequent  to  the 

valleys,'  ‘°  f”*?  W"*""*  volume*  <“r  the  inflow 

model  can  then  used  to  estimate  the  amount  of  Jtf”  C1°ded  flom  them-  A sediment,  transport 
from  the  valleys.  The  results  for  four  i ^ necessa.ry  to  remove  such  a volume  of  debris 

suggest  sediment  thicknesses  in  the  basins  of  tens*  to  * LnYT^f  Well'd7el°Ped  illflow  networks 
involved  in  the  transport  process  would  K ,re  m’  an^  in<Bcate  that  the  water 

kilometers  had  it  all  been  present  simultaneous^ tHe  basinS  to  a dePth  of  several 
on  the  instantaneous  water  depth  at  anv  tirm^  f 1S  analysis  d°®s  not  provide  any  information 
basins  were  more  like  terrestrS  ol^vas  I ’ “1  all°WS  the  Possibility  that  most 

appears  to  have  overtoppeTthe^ ^bS  rim  and  e ^ a *7  inStances’  h°Wever>  tbe  water 

attainment  of  significant  water  depths  at  som  10-  • 7”  t0  a °Wer  base  leve1’  attesting  to  the 

highlands  are  most  likely  The  result  S blT"  ? ^ paSt’  The  VaJleys  Seen  in  the  ancient 

et  ai,  1988).  The  watm  volume  estimates  can'hen^  b"’  ^ T J Malin’  1985'  Howard 

(Binder  and  Lange,  1980*  Clifford  1981)  to  inc  t ? G cornPaied  to  the  megaregolith  porosity 
their  formation.  The  to  al  waTer  vml!  „ ' mwfl6a*' wh«l>«  aquifer  recharge  was  required  for 
sediment,  but  the  St,r,0"*  ^ ™ of  transported 

the  quantities  of  water  required  STra  tsoort  he  ! n “fP  “dim<‘nls  »««  particularly  fine, 
from  a singie  discharge  ofV  associated  aquifer^ ' a'e  thl”  thal  *"■><*  can  result 

uke  has  been  f°-nd  yet  in  «*<>*  f„,  * more  e,™,.. 

seated  in  support  this  hypothesis  (PollacKI ;“,n“ts  a"d  Sreenhouse  calculations  have  been  pro- 
where  a postulated  early  ~ 1 bar  CO?  atmnsnh  ’ 1 i e ^urrent  suiface  pressure  is  7 inbar,  so 

and  regolith  are  inadequate  repositories  (Fanale  ^ T m2)  a'ud  P°'ar 

gible  over  the  age  of  the  planet  Ancient  L11ia  82'  anf  tbeimal  escape  to  space  is  negli- 

sink  for  atmospheric  CO  as  the  dissolved  Sedlmentat,]on  basins  could  Provide  an  additional 
streams  to  form  carbonate  minerals  U T t S "T  C^°nS  br°Ught  in  by  t]-  inflowing 

the  carbonate  precipitation  potential  of  ohi  ^alculated  water  volumes,  it  is  possible  to  evaluate 
their  climatological  Significance  Such  calcnbt^  aqUue°US  sedimentation  basins  and  assess 

which  could  reason  aWyha^T  beerf  preci  d!  t at  edTn  ^ 1 ° ^ 1 C ^ 6 • 1 ^at  the  maximum  mass  of  carbonates 
of  atmospheric  C02.  The  observed  basins  arm,  brS‘nS  ‘S  equivalent  to  oldy  a few  millibars 

dense  atmosphere.  Ancient  SatS ZZ  ^ fr^tion  of  the  Proposed  early 

since  they  could  contain  information  m • • S ,wou  d bf  very  lmP°rtant  if  they  exist,  however, 
planet  at  the  time  of  their  deposition  aud'hi"8  1 ^ C.1jemica?  aild  climatological  conditions  on  the 
early  warmer  and  wetter ^enZCent'.  C°U'd  Pr°V'de  direCt  evideace  for  the  postulated 
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M ELYSIUM  BASIN,  MARS:  IMPLICATIONS  OF  A DEEP,  INTERMITTENT  LAKE  SYSTEM- 

Mary  G.  Chapman,  David  H.  Scott,  and  Kenneth  L.  Tanaka,  U.S.  Geological 
Survey,  Flagstaff,  AZ  86001.  weoiogicai 

tho  Elysiu®  basin,  one  of  the  largest  depositional  basins  on  Mars  is 

the  only  one  exhibiting  direct  geologic  and  topographic  evidence  offomer 
water  levels.  Data  have  been  presented  previously  that  suggest  the  past 
existence  of  large  standing  bodies  of  water  on  Mars  (Haberle  1986-  Carr  et 
al.,  1987;  Goldspiel  and  Squyres,  1989).  That  the  Elysium  basin 'may  have 
been  the  locus  of  an  ephemeral  sea  or  large  lake  has  important  climatic  and 
S impllcations;  Ice-covered  lakes  could  have  held  liquid  wlSr^t 

0 C that  may  have  significantly  extended  the  period  when  biological  habitats 

1988?  PerS,1St  (MCK?  6t  al"  1985;  et  ^87;  McKay  iJd  ^dSr 

HhVnL*  concentration  mechanisms  operating  in  these  lakes  could  have 
enhanced  atmospheric  gases  and  provided  a source  of  biolooicallv  inmnrram- 

ISer'TiT117  C°!  ““  N,)  “ ^ MaItlan  at”°**'«e  thinned  ^fMcKay^and 

. ..  e-u  °Ur  study  of  bbe  Elysium  basin  has  two  objectives  to  determine 

Ltli  Ha^lmUm  eXt6nt  °f  the  basin  ^ <2)  the  former  volume  of  water  I^the 
basin  and  the  sources  of  this  water.  To  fulfill  the  first  objective  and  pa^ 
of  the  second,  we  have  compiled  a preliminary  mao  of  thn  P. 

o£2aeolo°°°"SCJle  quadran«les  to  determine  its  maximum  shoreline  onnth°enbasis 
and  mapping  source* ^^els^tfufe1  iir^jisinn^a2ri2sVe  Ou“r  final'produS 

topographic  base  (U.S.  Geological  Survey,  in  press  and  work  in  progress  in 

extenlf.l^a^^r^nag^channelsf41113^3115163*  ^ £°“er  *™aa-  da^ 

Our  study  indicates  that  the  highest  shoreline  of  the  ha^in  u, 

1,000  and  500  m below  the  Martian  datum.  Etched  lava  flows  having  parallel 

ZlaCreS  °CfUr,at  lat  20  S-  lon9  197-  (Viking  Orbiter  image  725A2? ) "near  £ 
evation  of  -1,^000  m.  Eroded  possible  shoreline  material  is  found  near  lat 
’ ' l°n,f  184  at  311  approximate  elevation  of  -500  m.  Two  soillwav*: 
observed  that  lead  into  northern  Amazonis  Planitia  at  about  lat  24°  w ^ i 

ir ^/oJo1:9  °Ter  jrge  545A22,;  *•— 

Of  1,000  m.  (A  southern  spillway  lies  at  about  lat  10-  N Iona  uS  ? 
Because  the  deepest  part  cf  the  basin  lies  below  an “evasion  of  ooo  „ 
water  depth  may  have  been  as  great  as  1,500  m.  ' m' 

Was  the  Elysium  basin  an  intermittent  or  a i.l. 

Three  different  ages  of  inflow  from  channel  system?  inti  ****  system? 

that  a lake  recurred  in  the  basin.  InSSTllv  ^ SU"eSt 

basin  and  the  Elysium  volcanic  rise,  many  small  dendriti^3!*0”  °f  **** 
probable  Noachian  age  drained  from  the  highlands  into  a broad  w l a”fel1s  ,o£ 
During  the  Hesperian,  after  the  basin  had^ecome  well  defined  1?  land  plain- 
channels  such  as  Ma'adim  and  Al-qahira  Valles  funn^ild  ^ 1?'  i 9®  outflow 
the  basin  (Scott  et  al..  1978l 

filling  m Amazonian  time  is  indicated  hv  «„.~i  , . £inaiiy,  lake 

(1)  Amazonian-Hesperian  volcanic  flows  of  Anon -in  r^neS  evidence. 
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_.  „„  M r Qrott  D.H.  , and  Tanaka,  K.L. 

ELYSIUM  BASIN,  MARS:  Chapman,  M.G.,  Scott, 

Formation  drained  toward  the 

the  north,  cutting Tong  204.te(Vlklng  Orbiter  image  883A30). 

Elysium  rise  at  lat  9 N. , long  \ M during  a more  hospitable 

Simple  life  forms  may  have  ^fif^r|ev^d  rhe  capability  to 
climate  in  the  ancient  pas  . . , ont’l  conditions  for  metabolism 

remain  dormant  for  extremely  ong  P " eawakened  (McKay  and  Stoker, 

were  favorable,  biologic  activity  may ^h^ee" -\awak  ^ n luB  basin 

biologic  activity,  perhaps  even  close  to  the  present. 
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WIEESH*EAD  RESUREftdNG  IN  IHE  MARTIAN  HIGHLANDS 

SSL/'  NSS?  S A-s^Tm  ' ^ Earth  ^ Pianetary 

Washington,  DC  20560  ^ Museum,  Smithsonian  Institution, 

« •r 

process  re^lblT  for  tSS^^,^eSS^CSters'  tmlhg  of  the 

in  their  formation  is  Important  for  undSJk^IJdi^th01^  P^°?SS  involved 
of  most  of  the  southern  the  geomorphic  evolution 

investigation  concentrated  on  th^  °f  Mars-  Our  initial 

regions  near  the  dichotomy  boundary  ^ AmenH1GS  ^ Tyrrhena 

aS  w2^hniSiSSt^r5SaS-tSeT1Shed 
SSSS  S2U25&,  %JSL  **£?«“  ^ oEST 

materials  as  well  the  internrpfsf ' oc^u5  °n  other  Noachian  geologic 

resurfacing  [?' Y]  ^lud~ 

extensive  process  rr»,0  m0,„u;  , ^Parable  from  a larger,  more 

dissected  unit  (Npld)  are  unit  (Npl^)  and  the  Noachian 

ancient  vSSey  mWor^f  f? f Uiguish^  **  absence  or  presence  of 
Together  SS?  unS^Se  ^ A SSff  res?^ivelY  [«3- 

southern  cratered  hemisphere.  ^ ^ (~70<)  °f  ^ surface  area  of  the 

cumulSive  cu^L  "ITl^osS^freS13^1^  by 

S5«?  eSnSL^S*  & “ ^ 

resurfacing  SSd  iTttS  Md  1^?  In 

materials,  sugSSng  S ^ “ the  NpK 

stages  or  a^S?  Y nBbra*s  ^^sent  the  lati 

correlate  well  with  other  work  cn  ' . <Ihese  observations 

ceased  to  form  by  the  early  HespS^e]1?  ^ ^ ancient  vaHey  networks 

must  be^1^!^3 to^^mlahn  P0113^16  f or  martian  highland  resurfacing 

rimless,  SaLrT  ^ Sso^e  SX  ^ of  the  flat-floored! 

the  bendover  in'  crater  ci  °f  the  process  between  regions  and 

materials  [e.g.,  51  as  well  AirS^  dl3tf?i3Ution  curves  of  highland 

n«y  be  corposed  ^leS^s  ^“5h,?,bUl^ af  **  highlands 

flat-floored,  rimless  craters  PvrLAr  \'  10  ' Volcanism  does  not  produce 

erosion/depo^itiSr^  ^ters  except  in  very  rare  circui^tances.  Aeolian 

the  seasonal  dust  storms  and  a^arietv^^landf3  °n  33  evidenced  by 
unlike  what  has  been  suSsS  L ° ^ te*g"  n3;  however, 

r sl£-2  - - -1- 

S5JT  <3°°  2SS 

curves  either.  In  both  processes  a craSr^s 
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in  vhich  case  it  is  ‘gfigSSS'SZ 

raiu^^the  apparent  dia^ec^1^e<^^'b^^IC^^  "Se'SclS 

SSSST' 

^^uSli^S^S^er^Ses^i  potentially  the  timing  of  the  process 
between  regions. 

4 a4_  i-hfs  oith  Lunar  and  Planetary  Science 

These  results  were  presented  SuDrorted  by  NASA  Grant 

Conference,  Houston,  Texas,  March,  1990.  Supportea  oy 

NAGW-129. 


SSSLis1-  ^m^'dif^rSes^Sn  j^craS^  " 

S5  th^ly&^ 

ST  timing,  extit,  and  mechanism  of  resurfacmg  to  be 

determined. 
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ages  represent^^the  number^f90^^-111  mentioned  in  text.  N(5) 
Kilometers.  Solid  lines  n i > -km-diameter  per  million  square 
Dashed  lines  Z "^al  ^ *n  craSS* 
superposed  craterS.  temuration  of  resurfacing  event  based  on  fresh, 


H^SL  aSJ^TSS:  D-^  ^ ^ ^ 

Volcanism  on  the  Terrestrial  „W‘ K"  — Sis,  In  Basalt  in 

N»  York,  ^98iT  [fflSSS  »•  1049-1127.  l555SF7 

20,  191-192,  1989.[  ! 2"?  T±  aapet,  seir, 

Scir,  20,  646-647,  1989  rsiaSdfcek  i ^ ^ i Craddock,  hmar  Planet. 
of  the  martian  highlands  in  Res“rfaoing 

Bes. , in  review.  [6]  Tanaka  K L Prrv-  t T^r^iena  re9lon/  J.  Geophys. 
in  J,  Geophys.  Rei  £ fg^  ^ 

Tanaka,  Geologic  map  oF  the  LSf!™  I . [7]  Scott'  D-H- / and  K.L. 
scale,  U.S.G.S.  ffcp  I-1802-A  1986  €^t°rial  region  of  Mars'  1:15M 

Geologic  map  of  the  eastern  * nn,,af"  ■ n Greeley,  R.  and  J.E.  Guest, 

ILS^S  mpI=m2=B,  1987^9]  Sf  iST'  1:1511 

rz  ^-i-» 

1981.  [11)  lie-.,  p„  — ' 13-41. 
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the  effects  of  floods,  v°^mJsms oi^cS°suS“ey ,°M™o  Park,  Cft 

IN  THE  MARTIAN  ATMOSPHERE.  M.  H.  Car  , 

94025. 

. ■ c c 1 rimes  more  enriched  in  deuterium 

Water  in  the  martian  atmosphere  is  5 B3Qraker  et  al.,  1989).  The 

than  terrestrial  water  (Owen  et ■ ^ ' massiVe  loss  of  water  early 

enrichment  has  been  previously  attribute a presence  of  only  a very 

in  the  planet's  history  (Owen  ^1^8)  o^t  ^ QV  geologic 

small  reservoir  of  water  tha  , massive  loss  of  nearly  all  the  planet  s 

time  (Yung  et  al . 1988)  • ^d^t  evidence  for  the  action  of  water 

water  appears  inconsiste  of  oniy  small  amounts  of  water  with 

throughout  Mars  history,  and  exc  9 atlon  ot  channels  as  water  worn,  and 

o-qole°s  as  a srnk : - ^ “ — The 

%%£  — **»*  - been  developed  over 
the  last  two  decades  needs  major  revision. 

Outflow  channels  are  ^neraUy  be! -ter 
floods.  A large  flood  would  immediately  mi  would  sublime  into  the 

into  the  atmosphere,  then  in  the  have  formed  where  the  water 

atmosphere  from  the  ice  rich  amount  of  water  injected  into 

pooled  after  the  flood  was  over,.  three  stages.  Assuming  present 

the  atmosphere,  a flood  was  dxv.ded  rnto  ^ ^ previously  derived 

conditions  on  Mars  at  the  time  of  a , ^ 0t  al.  , 1980),  it  was 

techniques  for  determining  wuld  evaporate  into  the  atmosphere  in 

estimated  that  roughly  10  9 ot  wa  ^ ress.  This  water  probably  would 

the  active  stage,  while  the  fl  form  ^ ice  layer  a few  centimeters 

have  frozen  out  rapidly  at  the  pol  t^  f^^  ^ ^ end  q£  the  fl  d channel 
thick.  In  the  second  stage,  the  la  presence  of  the  lake  dissipates, 

freezes,  and  the  thermal  anomaly  cr  terminal  lake  would  take  about  one 

?t  was  estimated  that  in  a typical  flood  take  ^ 6 years  to 

year  to  freeze  solid  and  the  thermal  anojft  y^  ^ evaporate  into 

dissipate  during  which  time  about poles.  The  long  term  fate  of  the 
the  atmosphere  and  be  precipitated  out  at  tn  P d and  thickness  of  any 

temSal  ice  deposits  «oul^dtPfnndds°nintEwsium^^^  Hellas,  and  around  Chryse 
superimposed  dust.  Most  of  the  fdoods  itudes  (McGill,  1985;  Lucchitta  et  al. , 

PlLitia  appear  to  have  pooled  at  high  la  df  ^ deposits  by  reducing  daily 

1 gog  \ Dust  would  affect  the  sl&iLWf  vapor  fr0m  the  buried 

^piraLure  excursions  and  1 usin,  nhe  gtog"  ^ 

^ ^ -Sri-o^usn, 

ice  deposit  at  50°  latitude,  co««d  ““  in  the  range  of  !0  7 to 

sublimation  rates  are  estimated  to  equator  are  over  100  times  higher. 

.0.-8  n rm-2  yr_1.  Sublimation  rates  at  -.i-mosoheric  D/H  would  be  to  reset 

Thus,  the  immediate  effect  of  a floo  °^oundwater.  The  long-term  effect  wou^d 
the  atmospheric  D/H  to  the  value  for  g deposit.  Sublimation  rates  are 

depend  on  the  latitude  of  the„' "That  the  D/H  in  the  atmosphere  could  become 

liin^^e  D/H  Sr^a^U  fha  deposif  had  fuUv  -load. 
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atmosphereThroughout^the  hfsto^  o^t^pWt  ^Greer^ngsT  ^ int0  the 

25  to  41  m of  water  averaged  over  the  whole  planet  {1987)  estlmates  that 

surface  by  volcanism  during  the  last  3 5 S T a bean  lntroduced  onto  the 

flows,  individual  eruptions  could  3imnct'  ■ f'  Judgin9  from  the  size  of  lava 

gm  of  water  into  the  at^  introduce  1013  t0  1017 

into  the  atmosphere  to  reset  its  D/H  ratio  to  that°of  ^jeCt  en°Ugh  water 

the  erupted  water  would  have  rapidly  frozen  out  at  t-h!  JUV*nile  water-  Much  of 
D/H  ratio  changed.  P°^es  without  having  its 

actively  water  at  thePpolesPisCexchi1ging^ 'with  th^  atmosphere  dePends  on  how 
al-  (1988)  estimates  of  loss  of  atmosphere-  If  the  Yung  et 

and  water  at  the  poles  has  actively  inter^hT  ^ UPP,fr  atmosPhere  are  correct, 
poles  can  contain  no  more  than  0 2 m of  wa^Tr  J*6  atmosphere,  then  the 

But  this  conclusion  is  inconsistent  wi^h  l1(l  aVeraged  over  the  "hole  planet, 
the  surface  by  floods  and  volcanism  and  wirh^i-^  lntroduction  of  water  onto 
polar  layered  terrains  as  ice  rich  jfkv!  CUxrrent  perception  of  the 

al  (1988)  had  underestimated  hydrogen  loss  rates"  Pf£SS  su99ested  that  Yung  et 
at  high  Obliquity  could  be  100  times  presenir^  f^ested  that  loss  rates 
20  times  the  present  rate,  if  so  then  the  r«  ' “d  ^ tlme  avera9ed  value 
would  be  correspondingly  increa^d  ^ T-  °f  Water  at  the  Surface 

inconsistency  is  that  exchange  of  water  beJSeenih  ^ explanation  of  the 
minimal,  and  restricted  to  the  upper  few  i- • 6 poles  3X1(1  the  atmosphere  is 
Thus,  new  ice  added  to\hi  piurXLS  aiiiraetT  °/  the  polar  posits" 
retains  its  initial  D/H  rati?^^70r  „ CeSUlt  °f  floods  ^ volcanism, 
D/H  in  the  atmosphere  evolves  aimL  r^the  “pper  surface,  in  this  case,  the 
little  about  the  invent*^ of  water  ^ °f  the  P°les'  reveals 

consistent  with  the  crater  acres  of  Plant-  +•  surface.  Such  a scenario  is 
Pdar  layered  terrains  are  ***  SUgg^  ^t  the 

necessarilyThatC°onfClthee  b^flf  of^'Lr^ur^  ? ^ atm°Sph-e  is  not 
in  the  atmosphere  is  likely  to  have  haen  Urfafe  water-  The  evolution  of  D/H 
have  periodically  reset  the  atmospheric  D/H^i-  Floods  and  eruptions  would 
values  respectively.  Between  these  event*  th°  ^ groundwater  and  juvenile 
enriched  m deuterium  at  a rate  dependent  on  the atmosphere  would  have  become 
between  the  atmosphere  and  other  « 

Conf-  on  Mars,  Tucson6^ 69-701  ( lgssT^lif ford  ^arson'  H‘  p-  proc.  4th  Int. , 

Res.,  88,  2456-2474  (1983).  Greeley  R ' ' ^ Hille1'  Dw  J.  Geophys. 

Jakosky,  B.  M.  , J.  Geophys.  Res.  (in  press)"  !,?>'  ' 1653-1654  (1987). 

499  (1986).  Me  Gill,  G.  E.  , LPSC  XVl  53d  c,  ' B‘  K‘  ' LPSC  XVH,  498- 

P-,  deBergh,  C.  , and  Lutz,  B.  L Science  ^ ‘ °”en'  T'  ' Maillard,  J. 

Kahn,  R.,  Guiness,  E.  A.,  and  Arvidson  R 'f^t  1767-170  U988).  Plaut,  J.  j.  , 

0.  B.,  Pollack  J.  B,  Ward,  W Burns  j'  a"  \ 35?_377  (1988)*  Toon^ 

607  (1980).  Yung,  Y.  L. , Wen,'  J p\'nt0  j ' p 111(3  8llski'  Icarus,  44,  552- 
Paulsen,  S.,  Icarus,  76,  146-159 ‘ ( 1988 ) ' J’  Pw  Allen'  M- ' Pierce,  K.  K. , and 


362 


1 • Sublimation  rates  o£  ice  as  a function ^o'^the^ thickness 

f-r  *0°  latitude . lower  6raP„  is 

for  60°  latitude. 
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Characteristics  of  the  Martian  Atmospheric  Surface  Laver 

Gary  D.Clow  (U.S.  Geological  Survey,  MS946,  Menlo  Park  CA  94025) 

Robert  M.Haberle  (NASA/Ames  Research  Center,  Moffett  Field!^A  94035) 

sensible  heat,  latent  heat,  and  momentum^fluxes  withk^  m°^ds  Mars  in  order  to  estimate 
layer.  The  atmospheric  surface  layer  consists  of  an  Wp  f ■I^artian  atmosPhenc  surface  ("constant  flux”) 
ground  and  an  overlying  fully  turbulent  surface  sublayer ^#7)  SJ*b  aye'  ^ immediately  adjacent  to  the 
dominates  buoyancy  production  Within  the  interfacial  sihl  W ^ production  of  turbulence 

by  non-steady  moleir  diffSon  into  smaH and latent  heat  are  transported 
Both  the  thickness  of  the  ^ ********  burst  through  this  zone, 

through  it,  depend  on  whether  aJflowTs  SS™ t n ^aracteristics  of  the  turbulent  eddies  penetrating 
by  the  Roughness  Reynold’s  number  \SS5^SSZr  f”  rou8h>  a*  determined 

be  used  to  express  the  mean  vertical  windsiS  , SUrfaccJ  sublaye'  (#2),  similarity  theory  can 

single  parameter,  the  Monin-Obukhov  stability  parameter  ^ "***  ™POT  Pr°flleS  “ terms  of  a 

«*  ■s?*  — 

first-order  Chapman-Cowling  exnressions  thf  P from  the  TPRC  Data  Series  [1]  and  the 

Lenard-Joncs  (12,6)  potential.  ParameterizaS^for  s^cific  heafand'wn  apP.r<Jfximatcd  usin8  the 

determined.  The  Prandtl  and  Schmidt  numbers  derived  from  these Jhermonhv dlffusm.ty  were  aIso 
to  range  0.78  - 1.0  and  0.47  - 0.70  resnectivelv  fZ  Z ° » hese  thermophysical  properties  are  found 

transport  within  the  interfacial  sublayer  for  both  acrod  r“tsaert  s model  for  sensible  and  latent  heat 

experimentally  tested  under  similar  conditions  [21  validS^itf  inn?10?11  r°U?h  airfl°W  haS  beCn 
the  surface  sublayer  f#2)  we  modify  ih,.  a r v ’ a ^at‘  g ,ts  aPPbcation  to  martian  conditions.  For 

.he  buoyancy  io  £ “0”",-°b“thOT  '“8lh  >°  properly  accoun,  for 

leng'h  scale  is  ihen  »'™osphcric  boundary  layer.  This 

by  Busingcr  et  al.  [3]  and  others.  ^ ” Profi,es  w,lh  the  same  form  as  those  used 

comparabl  "^re^stanccf^o  ^ensibl^heat  Tnd 'Se’r  ^ ^ SUrface  sublayers  offer  roughly 

determining  the  associated  fluxes.  Airflow  over  surges  th|US  ^°th  imPortant  in 

roughness  length  z0  approx  003  cm)  is  generally  fon  a , . 3 ,°  errestr,al  polar  snow  (surface 

pressures  (P<30  mb)  but  aerodynamically  rough  a.  hfch  prS^S^bvTn'’  “ !°Z  Ts-"” 
Lander  sites  is  aerodynamicallv  transitional  ^ nib),  airflow  at  the  Viking 

airflow,  the  thickness  of  the  interfacial  sublayer  is  T6"  ,l”arban  cond,t,ons-  For  aerodynamically  smooth 
typical  for  the  Earth.  At  b™  £?  * Up  ‘°  100  times  for  Mars  than  is 

due  to  water  vapor  gradients  can  become  so  high  ” emperatures  (T>250  K),  buoyancy  forces 

disappears  (the  Monin-Obukhov  length  becomes  ^ tbe  suidace  sublayer  (#2)  essentially 

A.  .his  point,  ,he  attn^ Stt  ^ - ‘I*  -•**=-> 

convection  sensible  and  latent  heat  fluxec  ar*-  cm  11  *l  , r ree  convecbon  regime  [4].  Free 
(#2)  is  present.  As  expected ^ When  the  SUrfaC'  sublay- 
be  extremely  sensitive  to  the  Monin-Obukhov  sfahilh  sensible  and  latent  heat  fluxes  are  found  to 
mildly  sensitive  for  unstable  conditions.  ' y parameter  for  stab,e  atmospheric  conditions  and 

the  Z£ds)^dy  a,hcinTfaCiaibOUnda7  l3yer  and  l°  Predict  the  shaPes  of 

estimating  heat  losses  from  engineering  structures  denTo^' d enc , surface.  layer>  should  prove  useful  for 
unties, uudiug  of  watcc  vapot  tcausfer  tates  ta,  icy  LLr<suc~PI^)S 

iij1  w.™°bS^1  pErn%3o,5“a‘ ™ t tprc  Dau  seri“- 

JMnos.ScWm.rn,  |4|  Clow,  G.D.  aud  R.M.  Habctic  ( SJ  J^Xxxi, 


364 


Free  Convection  in  the  Martian  Atmosphere 

Gary  D.Clow  (US.  Geological  Survey,  MS946,  Menlo  I Park,  S' 

Robert  M.Haberle  (NASA/Ames  Research  Center,  Moffett  Field,  C 

We  investigate  the  -free  convective"  regime  for  vl^U^d 

state  occurs  when  the  mean  wnds^ed  af  e °Pn  arise  either  from  vertical  temperature  or  water  vapor 
positive  buoyant  forces  are  present.  Such  f convection  buoyant  forces  drive  narrow 

gradients  across  the  atmospheric  surface  layer.  slower-moving 

plumes  that  ascend  to  the  inversion  height  with  fluctuations  resulting  from 

downdraughts.  Horizontal  pressure,  temper^.U^’  the  ’uruj  (within  the  surface  layer).  These  local 
this  circulation  pattern  can  be  quite  large  adJa“  ® sensible  heat  fluxes,  and  latent  heat  fluxes, 

turbulent  fluctuations  cause  non-zero  mean  su  motions  above  the  surface  layer  are  insensitive 

even  when  the  mean  regional  windspeed  is  zero.  g primarily  controlled  by  processes 

to  the  nature  of  the  surface,  the  sensible  and ^ dc  convection.  Thus  the 

within  the  interfacial  sublayer  immediately  adjac  lh  g g facial  su51ayer  is  more 

distinction  between  aerodynamically  smooth  and  rough  airflow  w,m  ^ . exceeds  the  value  U, 

important  than  for  the  more  typical  situation  whe  e he ™SPQn  Mars  at  low  pressures 

Buoyant  forces  associated  with  water  when  the  surface’s  relative  humidity  is  100%,  enhancing 

(P<30  mb)  and  high  temperatures  (T  > 250  K)  when  t Inecrsol  [1]  postulated  the 

die  likelihood  of  free  convection  under  these  ^a„d  cu.mm  Assures  wouW  exceed  the 

"SelSSta”  the  »y»",ohibi,ing  ice  from  melting  a,  low  atmospheric  pressures. 

Recently,  Schumann  |2]  has  developed  equations  Xlre”'” 

vertical  gradients  occurring  during  free  convectmm  Howe  , aerodynamically  rough.  Wilhin  these 

convection  is  driven  solely  by  thermal  buoyancy  and the  surface.  Jmulafio„  (LES)  which 

motmn^n^^^urfac^^'cr^e'small  valuing  the  use  of  Monin-Obukhov  theory  in  the  model. 

to  inchuie  the  effects 'ofCcirc^mionnalwTCl^lVaerodynamioliyC^o^^a^^l^h^lir)ams^^A^pb|hig^e 

pressures  and  high  temperatures  when  surface  ice  * present  MTn^at^  ^ ^ ^ and  surface 
whenever  the  mean ' nuctuations  within  the  surface  layer  are  found  to  be  as  high 

,empem,ures,e«ndspced  „5  K ( temperature  and  ,Q-  kg 

rroSlmCmica 6 ““ 

surface  with  z„»l  cm  are  aerodynamically  rough  over  this  pressure  range. 

Free  convective  la.entd.eat  fluxes  are  of 

evaporative  heat  losses  that  will  occur  from  an  icy  sui ^ace  where  the  ABL  is  isothermal  and 

predicted  latent  heat  fluxes  during  free  convey  polar  snows  (cume  A), 

the  surface  temperature  is  273  K.  For  a su  , S ; hv  fq  n'\  of  Ingersol  [1],  making  it 

our  predicted  fluxes  are  a factor  SSo  Squired  for  the®  net  radiative  flux  at 

-^e"mS  mb  a.  the  equate!  before  ice 

can  melt  under  the  best  of  conditions. 
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972'^  PI  Schumann,  U (1988)  Buund.^Ln^r 
G.D.  (1987)  Icarus,  72,  95-lzT  ' Sc,,,,,”ann  <1989)  J'F,uid  M"h-  *».  511-562;  [4]  Clow, 


Fig.l:  Predicted  latent  heat  fluxes 
at  273  K for  a surface  with  zo=0.03 
cm  (curve  A)  and  z0=l  cm  (curve  B). 
Shown  for  comparison  are  the  free 
convection  predictions  of  Ingersol 
[1],  (curve  I). 


FigJ:  Highest  albedos  for  which  ice 
can  melt  under  optimal  conditions  in 
the  equatorial  regions  (curves  E)  and 
the  polar  regions  (curves  P).  Solid 
lines  refer  to  aerodynamically  smooth 
surfaces  while  dashed  lines  are  for 
aerodynamically  rough  surfaces. 
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msrRTMTNATION  OF  ACTIVE  AND  INACTIVE  SAND  FROM  REMOTE 
SENSING:  THE  KELSO  DUNES,  MOJAVE  DESERT,  CALIFORNIA 

Elizabeth  CJ.  Paisley,  Lisa  R.  Gaddis,  and  Ronald  Greeley  Department  of  Geology, 
Arizona  State  University,  Tempe,  Arizona  85287  U.S.A. 


Aeolian  deposits  are  observed  on  the  Earth  and  Mars  and  they  may  exist  on  other  planets  or 
satellites.  Although  planetary  surface  processes  are  not  dominated  by  aeolian  activity,  it  is 
important  to  consider  such  activity  because  the  bedrock  geology  may  be  altered  and/or  obscured  by 
aeolian  deposits.  The  ability  to  identify  and  to  characterize  aeolian  deposits  by  remote  sensing  will 
help  with  assessment  of  recent  sediment  transport  and  interpretation  of  regional  geologic  histones. 
Previous  research  in  the  Gran  Desierto,  Mexico  has  demonstrated  the  capability  of  spectral 
discrimination  between  active  and  inactive  sand  [Blount,  1988].  In  that  area,  active  sand  is 
spectrally  brighter  than  inactive  sand  because  of  texture  and  composition.  Texturally,  the  active 
sand  has  a higher  proportion  of  saltation-sized  grains  (125-250  mm)  and  a more  ummodal 
distribution  than  the  inactive  sand,  which  has  more  coarse  (>250  mm)  and  fine  (<62  mm)  grains. 
Compositionally,  the  inactive  sand  contains  a higher  percentage  of  dark  lithics  in  the  coarsest  and 
finest  size  fractions.  The  objective  of  this  study  is  to  assess  further  the  utility  of  remote  sensing 
techniques  to  identify  active  and  inactive  sand  surfaces  in  the  Kelso  dunes.  The  study  represents 
our  preliminary  results  in  the  effort  to  characterize  the  origin  and  evolution  of  sediments  in  and 

around  the  Kelso  dunes  of  the  Mojave  Desert,  California. 

A Landsat  TM  image  of  the  Kelso  region  (acquired  April  13,  1987)  was  processed  to  use 
as  a study  base.  A Gaussian  stretch  of  the  image  was  implemented,  with  bands  5,  4,  and  1 as  the 
red,  green  and  blue  color  bands.  Potential  units  of  active  and  inactive  sand  were  identified  and 
mapped  using  brightness  and  textural  patterns  as  criteria  for  differentiation.  To  test  the 
identification  of  these  units,  field  work  was  conducted  in  the  Kelso  dunes  area  from  April  21  to 
April  25,  1989.  Eighty-five  (85)  surface  sand  samples  and  one  rock  sample  were  collected.  The 
site  of  each  sample  was  described  as  active,  stabilized/subdued,  inactive,  or  sand  sheet  by  noting 
the  type  and  abundance  of  vegetation,  dune  morphology,  and  presence  of  slip  faces  and/or  active 
ripple  marks.  In  general,  it  was  observed  that  previously  identified  active  and  inactive  units  agreed 

well  with  those  identified  in  the  field. 

Laboratory  analysis  of  the  field  samples  was  performed  to  quantify  texture  and 
composition,  and  consisted  of  grain-size  analysis  and  point-counts.  Results  of  the  grain-size 
analysis  agreed  with  those  in  the  Gran  Desierto;  inactive  sand  samples  at  Kelso  are  more  bimodal, 
containing  a higher  percentage  of  both  finer  and  coarser  sand  than  the  active  samples. 
Compositionally,  Kelso  samples  have  a high  percentage  of  quartz.  Although  the  Kelso  samples 
contain  more  dark  grains  in  the  finer  size  fractions,  as  in  the  Gran  Desierto,  they  do  not  have  the 
large  amount  of  dark  grains  in  the  coarse  size  fraction  observed  in  the  Gran  Desierto.  This 
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example,  and  other  compositional  differences  between  the  Kelso  area  and  the  Gran  Desierto,  are 
due  to  different  regional  source  materials  in  each  area.  The  source  of  the  coarse,  dark  grains  at  the 
Gran  Desierto  is  basalt,  weathered  from  the  near-by  Pinacate  volcanic  field  and  brought  into  the 
outskirts  of  inactive  sand.  Another  important  difference  is  that  the  active  sand  at  Kelso  has 
concentrated  lag  deposits  of  magnetite,  weathered  from  the  suirounding  mountains.  This  has  a 
significant  effect  on  the  laboratory  spectra  of  the  active  units. 

High-resolution  spectra  of  the  units  were  obtained  from  the  RELAB  facility  at  Brown 
University.  The  spectra  were  deconvolved  to  TM  equivalent  6-point  spectra  and  corrected  for 
viewing  geometry.  After  atmospheric  corrections  were  applied  to  the  image  [Chavez,  1988],  DN 
values  were  converted  to  reflectance,  giving  TM  6-point  spectra  for  each  unit.  Comparison  of 
these  spectra  show  the  effect  of  the  magnetite  concentrations  in  the  active  units  at  Kelso.  A small 
percent  of  magnetite  in  a sample  can  flatten  spectral  absorption  bands  (quartz  and  atmospheric 
water)  and  greatly  decrease  the  spectral  brightness  [Singer,  1981].  This  has  the  effect  of 
decreasing  the  spectral  brightness  in  the  active  samples  so  that  they  appear  darker,  more  like  the 
inactive  samples.  RELAB  spectra  are  influenced  to  a greater  degree  than  the  TM  spectra,  no  doubt 
because  small  sampling  sites  do  not  always  prove  equivalent  to  the  large  areas  viewed  by  the  TM. 

Examination  of  plots  of  unit  characteristics  versus  degree  of  activity  show,  several  trends. 
As  sand  becomes  more  stabilized:  sorting  decreases,  percent  of  fines  increases,  percent  of 
vegetation  increases,  DN  brightness  decreases,  percent  of  active  ripple  marks  decreases,  and 
percent  of  active  slip  faces  decrease.  The  sand  in  the  Kelso  region  is  not  as  obviously  active  or 
inactive  as  in  the  Gran  Desierto,  but  represents  varying  degrees  from  active  to  inactive.  Because  of 
regional  differences  in  source  materials,  the  use  of  remote  sensing  to  discriminate  active  and 
inactive  sand  in  the  Kelso  area  is  more  difficult  than  in  the  Gran  Desierto,  but  still  possible. 
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Ronald  Greeley  and  Rodman  N.  Leach,  Geolo^  Department, 

Arizona  State  University,  Tempe,  AZ  852tH 

Diurnal  changes  in  solar  radiation  on  wSfield^The  sffatificadon  of  the  au- 

planetary  boundary  layer,  this  effect  sffong  y 1 than  ^ air  a5ove  it  when  the  ground  is 

I^^S^*becoiws  w^^r^^the  air  ^rface^HlJn^ffect! 

«“»  the  wind  has  upon  ,he 

surface  when  compared  to  an  unheated  or cooled  sur ^ace  surface,  ground-level 

This  means  that  for  the  same  wind  an  unheated  surface.  Thus,  lt 

shear  stress  will  be  greater  for  the  heated  su  ■ , lower  mean  wind  speeds  when  the  surface  is 

is  possible  to  obtain  saltation  threshold  conditio  surface  is  heated,  the  surface  shear 

heated  Even  though  the  mean  wind  speed  is  less  when  tne>u"^c 

stress  required  to  initiate  particle  movement  re^ai"s  the  ^ just  aeolian  threshold  measurements 
To  investigate  this  Pheno™enon’ low'd?^^teH  at  NASA  Ames  Research  Center,  Moffett 
have  been  made  in  the  MARSW1T  wind  tunne  wind  tunnel  that  is  operated  within  a large 

Field,  California.  The  MARSWIT  is  an  open  circuit  w ^ ^ fcw  millibar  to  one 

pressure  chamber  (4000  m ) thaud  ows  a range  yP  ent  exgperimems  were  carried  out  with  both 

atmosphere  of  pressure  (Greeley  et  al„  ^ . T-  heated  surface  condition  represents  or 

heated  and  unheated  surface  tempera surface  represents  a 
models  diurnal  surface  heating  from  *es  • the  vertical  turbulent  structure 

neutrally  stable  condition.  The  heating  o P n)(nown  under  Mars  surface  conditions; 

of  the  boundary  layer.  The  exact  level  of  Seating  difference  Qf  25  K between  the  surface 

however,  it  is  expected  to  produce  a 

and  the  atmosphere  above  it.  (Hess  et  al.  , y ured’  under  several  heating  conditions 

Limited  vertical  temperature  profiles  also  we  function  of  freestream  speed  at  a 

which  enabled  a determination  of  friction  speed,  u*  as ■ a ^ measured  with  a 

S/as  to  the  mean  wind 

On  Mars,  from  the  Viking ; Landers  there  are  no  mreci  However,  Arvidson,  et 

speed  and  surface  temperature  when  t e ini  1 needed  to  initiate  particle  motion  of 

aboui  0 02  at 

,hreSh°The  experiments  were  earned  ou,  for  two  <Ufl ^eren,  sized 

diameter  of  about  105  mierous  while  the  other  sample  conditions:  one 

microns.  Threshold  measurements  were  made ^under  two  SU  J ^ ^ boundary  layer  profile) 

where  the  surface  was  not  heated  (i.e.,  uniform  temperatu  g heating  was  varied  for  each 

and  the  other  where  the  surface  was  heated,  ^he  amount  of ^^nea^  ^ ^ ^ 0 02 
experiment  and  approximately  represents  a.  value  ° f M near  the  Viking  Lander  sites, 

which  is  believed  to  be  in  the  range  that  exist  on  the ^ce  ° jMar^  d6material.  At  1 3 

The  first  series  of  tests  examined  threshold  toe  iw  ^cto  ^ 2 93  m/s  (and 

mb  surface  pressure  the  unheated  sur  ace  a a ^ height  of  1 meter)  while  the  heated 

of  :°  02’  yiddKl  3 ,hrCSh°ld  fnCt,°n  SP“d  °f  2 67 
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^'^SiS.*A.,^SJ5PhStt 

to  level-off  to  a consist  value  fac"on  Speed  and  ,hreshold  wind  sP“d  appeared 

sized-silt  material.  Althoug^w^were  no/ abl^to  directi v expenments  lnvolving  the  1 1 micron 
support  this  trend,  it  was  readilv  observed  in  the  ^ extensive  numerical  values  to 

maintain  constant  amfem  cC^  NoK- !' is  ««™ly  difficult  to 

the  tunnel.  Figure  2 does  however  ^nrpsent  the  tinuously  increasing  the  wind  flow  through 
The  threshold  ^ T measured  '°  da'e 

&^KS5E 

decrease.  The  amount  red^K.ri'on^n'  thrediold^w^ IS  he^ted  the  threshold  wind  speed  will 
Richardson  number  as  well  as  the  mean  f u m<^  Spee<*  aPPears  to  be  a function  of  bulk 
tend  to  experie™ more  of  , test  tnatenal.  The  smaller  stzed  materials  will 

particles  there  will  be  negligible  difference  her  ° d ^ind  jPeed*  ^ 1S  anticiPated  that  for  larger  size 
in  diameter)  in  values  oftSolli  wM  s^  " ^ SUrfaCes  (lar8CT  Iha"  1 ™> 
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MARSW1T  Wlnd-Tnnn.,1  Data  at  13  mb  Pressure 

100  micron  quartz  aand  malarial 


Bulk  Richardson  Numbar 


Figure  1. 


Threshold  wind  speed 
difference  (surface  and 
Number  for  100  micron 


as  a function  of  temperature 
free-stream)  and  Bulk  Richardson 
diameter  Quartz  sand  material  at  an 


ambient  pressure  of  13  mb. 


MftRswiT  y/ind-Tunnel  Bet?  Pt  fi.7  mb  Pr9?9Mrfl 

11  micron  sltt  m«t«rl»l 


Figure  2. 


Threshold  wind  speed  as  a function  of  approximate  Bulk 
Richardson  Number  for  11  micron  diameter  silt  material  at 
an  ambient  pressure  of  6.7  mb. 
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THE  EF FE j^T  OF  Surfa, CE  ROUGHNESS  ON  THRESHOLD  VELOCITY  AND 
FLUX  AT  EARTH  AND  MARTIAN  ATMOSPHERIC  PRESSURES 

Bret  Boundy,  Department  of  Geology  and  Geophysics, 

University  of  Wyoming,  Laramie,  Wyoming  82071 
Rodman  Leach,  Department  of  Geology,  Arizona  State  University,  Tempe,  Arizona  85287-1404 

One  of  the  many  parameters  affecting  aeolian  processes  on  Mars  is  the  natural  surface 

«nlS^eSS  piu°Vlded  by  ?*c  .rock-strewn  surface.  A wind  tunnel  investigation  of  the  effect  of 
rface  roughness  on  saltation  threshold  velocity  and  flux  of  fine  sand  at  both  terrestrial  and 
marten  atmosph'TO  density  was  conducted  in  the  Martian  Surface  Wind  Tunne  (MARS Wm  at 

rA7eS  neserh  Surface  TO“Sl>"ess  was  provided  by  a pattern  of  regular?  spaced 

bltxks  fastened  to  the  wind  tunnel  floor.  The  blocks  w£e  5.7  cm  high,  3.8  cm  wtde  Tnd  19  cm 

Kl?rnST  ra“°  0f  3:2j  ‘J: orientcd  with  3 8 c”  side  f^ing  the  wind.  The  spa?"  betw«™ 
the  blocks  in  the  cross-wind  direction  was  1 1 .4  cm  (3  block  widths)  and  the  spacePbetween  the 

™“cw.nd  dm“°"  Waf-  11  4 cm  with  «*  blocks  spaced  alternately  from  rowtorow 
3 . ..  d?y  sand  with  a median  size  of  145  microns  was  used  in  the  experiments  The  blocks 

s?kme'm °f  lhe  wind ,un"el  with  >he *“<1  placed unifomily  over thelast 
of  ,he  blocks  (the  downwind  end  of  the  bed  of  blocks).  Different  levels  of  block 
exposure  were  produced  by  two  different  methods  for  the  Earth  pressure  runs  me  first  me  hS 

Z°±dSPrad,ng  ,heuSa;f  T°°,h'  flush  wi,h  the  »P  of  the  btocTs^nnovZ  me  S m 
progressively  expose  the  blocks  by  deflation.  The  second  method  was  to  spread  the  sand  in  a 

hmh°th  !Kr  t0,  a de.pth-  Whlu  h allowed  the  blocks  to  project  to  the  desired  uniform  height  With 

m^^^„Sk^}^rsrd  ,he  flux  at  '-2  ,imcs  ,he  thresh°id  w «• 

by  the^r^sUrh^Stt 

fhXSh^H  mc,rcased;  and  reached  a velocity  20%  aboVe  the  init£ velS^n  SaltaS 

th^  hf  ? VCl0Clty  f°r  Sand  Placed  by the  second  method  (smoothed  bed)  also  decreased  slightlv  as 
exponne  Was  increased’  b“t  then  remained  neily  constant 

f t 00 . exP°sure  the  threshold  velocity  became  nearly  identical  with  a wind-deflated  bed  value 

after  running  for  a short  time  at  1.2  times  threshold  velocity  (Fig.  1). 

sand  is  removed  by  the  wind  from  those  areas  where  the  local  surface  stress  is  large  and  nrn  fmm 
^ « is  low.  With  the  wind-deflated  bedThose^reas 

soon  depleted  from  sand  (some  of  which  is  deposited  in  areas  of  lower  surface  stress)  and  higher 

"““hV  wid>  sirxxnhcd  Ss!  mrtian;  meret 

always  sand  in  areas  of  high  surfaces  stress  which  is  removed  quickly  by  the  wind.  7 
ihero!,^ 

a conlinuS^Sv^  SSk"^ 

downwind  2 5 meters  of  blocks  were  removed  and  the  sand  was  placed  on  the  wind  tunnel  floor 
^.win  tbe  3.5  meters  of  remaining  blocks.  In  this  test  the  sand 

and  dxreshold  velocity  was  obtained  as  a function  of  the  difference  of  height  of  the  top  of  the 

Mocks  and  the  height  of  the  bed  of  sand.  The  threshold  velocity  increased  initial  v as  the  bed  of 
sand  deflated,  and  then  remained  constant  (Fig  3)  increased  initially  as  the  bed  of 
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dtresho“« 

block  exposures  at  1.2  times  threshold  velocity  (Fig.  4). 

Previous  ,es.s  indicated  that  saltation  Se'arabS 

dynamic  pressure  for  saltation  threshold  at  e P wouid  ^ expected  to  increase  by 

pressure  were  reduced  from  1 bar  to  10  mb  the  q . ^ wind  veiocity  only  needed  to  be 

“S'" ™s MSESfSk-  * ™re  effective  in  initiating 

saltation  threshold  on  Mars  than  on  Earth. 
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Velocity,  m/sec  THRESHOLD,  m/sec 


THRESHOLD  vs  BLOCK  EXPOSURE 

ATMOSPHERIC  PRESSURE 


THRESHOLD  vs  TIME  10  mb  PRESSURE 

SAND  OVER  BLOCKS 


FIGURE  1 


FIGURE  2 


THRESHOLD  vs  TIME  10  mb  PRESSURE 

SAND  ON  SMOOTH  FLOOR  DOWNWIND  OF  BLOCKS 


FIGURE  3 


TOTAL  SAND  COLLECTED  PER  cm  WIDTH 

1 bir  PRESS  ANO  10  mb  PRESS 


FIGURE  4 
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EFFECTS  OF  ROUGHNESS  ELECTS  ON  S^TATION 
j d.  Iversen*,  R.  Greeley**,  W.  P.  Wang*.  R.  Leach 
*Iowa  State  University,  Ames,  Iowa 

** Arizona  State  University,  Tempe,Anzona__^^^ 

***NASA,  Ames  Research  Center,  Moffett  Field,  Ca 

The  aerodynamic  characteristics  of  ^{gnifi^ce  ^^en^expMiments^h^/e 

on  aeolian  transport  are  prob'emt.  J'  ffec,t  ofstnglc  roughness  elements  on  drift 

roUgh"“S  °"  ae°'ian  ,ra"SPOrt  “ 

threshold  1^  e|ements>  the  flow d,h^j^Mydon\12obstacle  shape.  A 

dependent  progress  towar^eXcted  using  circular  cylinders  of  varying  aspect  ratios  (i.e 
series  of  expenments  was  conducted l us a g y ^ p 1 jilustrates  the  growth  of 

height-diameter  ratio).  Results  are  shownin  g-  a .f,  form)  for  the  upwind 
erosion  volume  as  a function  of  time  (presented  here  in  dimensm  very  short 

erosional  moat  tl).  The  » exist  and 

cylinders  (aspect  ratio  less  than  0.  f )»  unwind  separation  (horseshoe)  vortex 

fncreasesra^dl^in^ratgthwUh 'increase  in  aspect  ratio  from  0.15  to  about  one,  and  the 
experiments  with  circular  cyl [ind^  te  elements  is  to  increase  the  threshold  shear  stress. 

(windward)  area  to  total  surface  area. 

fffiversen,  W.  P.  Wang,  K.  NATO 

* Rda,i°"  “ Ae0Han  and 

Littoral  Processes,  Sandbjerg,  Denm^  , y roughness  on  flux  and  threshold 

2-  B'  velocity  ^ 14*5 ‘micron  andkrtian  pressures,"  Informal 

report,  NASA,  Ames  Research  Center,  1989;  • nonerodible  elements 

3'  L'  ^LfeSVwMSonUvariabi.i;y!i 
rnnservation,  30,  225-226,  1975. 

dimensionless  time  for  cylinders  of 
2 DtensioESon  rate  versus  aspect  ratio.  Data  points  are  the  initial  slopes  of  the 

3.  Ratit^of  threshold  friction  speed  in  the  presence  of  uniform  roughness  arrays  as  a 
function  of  effective  element  density. 


L^Upwind  dimensionless  erosional  volume  versus 
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CHAPTER  9 


VOLCANIC  PROCESSES  AND  LANDFORMS 


2££  — — 

An  intensive  study  of 

that  the  deposits  inside  the  M h eroded  mesas  approaching  the 

K3S  3~~ 

- 'szrxs  rPr»"-  - 

partly,  of  volcanic  origin. 

The  older  layered  deposits  were  ShefcoSsf  oF 

erosion  of  the  trough  oalls  into  ®Pnrs^  generally  thin  and  some  are 

dark  and  light  layers.  The  da  Y ^ thick,  poorly  stratified,  and 

resistant  to  erosion;  the  lig  y These  layered  deposits,  because  of 

highly  susceptible  *r  lateral  continuity,  may  be  lacustrine 

their  apparent  horizontally  deposits  is  too  large  to  have  come 

[ 31  ■ However,  the  volume  of  fluvial,  or 

solely  from  chemically  precipit  material  that  may  have 

masswasted  materials.  The  amount  f ““^Sly  also 

foundered  through  an  ice  cap  res4stant  thin,  dark  units,  the 
insufficient.  The  existence  and  the  volumetric 

susceptibility  to  deflation  o ’ support  a volcanic  origin  for 

usnr i*.- w - — — 

is  due  to  eruption  into  a paleolake  [2]. 

After  the  troughs  had  nearly  reached 
through  late-stage  faulting  an  et°s  ' These  deposits  are  generally 
morphology  and  albedo  were  emp  ' reach  thicknesses  of  3 km. 

thin,  but  in  western  Candor  Chasm  ^ wind  fluted;  some  have 

Light  materials  are  locally  massive  nearly  gray,  have  an  albedo 

lobate  fronts.  Dark  deposits  are  =^Safli  oScur along iault  lines, 
as  low  as  5 percent  (81,  and  Pre‘“ent^lly  ^cur  a 9 in  orlgin. 

The  younger  deposits  are  J^n  LrS^  htttSy  ^hen  surface  water 
because  they  were  emplaced  l^tmdes  They  are  too  rugged  and  diverse 
was  unstable  in  equatorial  1 , ■ lso  unlikely  because  the 

to  be  solely  eolian.  °ebrls-flow  origin  ^as  £ us  slopes  on  the 
deposits  embay  other  masswasted  features j sucn  d its  have  no 

walls  of  tributary  canyons  and^landsli  , consistent  with  the  apparent 

obvious  source  scars.  A volcanic  g materials  that  suggest 

flow  lobes,  the  spectral  s utures  of  the  dark  mater^^  ^ 

”frictu«rS»d  "!lh ^deflation  fluting  similar  to  that  seen  on 
terrestrial  tuffs  in  and  regions. 

What  are  the  implications  if  some  of  the  interior  deposits  are 
indeed  of  volcanic  origin? 
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ml  2L 2 INTENTIONALLY  MM 


(1)  The  Valles  Marineris  grabens  would  be  more  like  terrestrial  rifts 
that  commonly  contain  volcanic  rocks. 

the  histo^of  ih.ti^iregi°n  0f  MarS  W°Uld  haVe  taken  place  throughout 
the  history  of  the  Valles  Marineris,  extending  from  Early  Hesperian  to 

Late  Amazonian  and  perhaps  even  to  recent  times. 

ini  1 f v°lca^ism  would  have  produced  voluminous  eruptions  of  flows 
and  light-colored  tuffs  that  formed  evenly  layered  sheets  nv^r  rhl,  a 
of  square  kilometers.  These  deposits  may^r^nl^^s^ thousands 

lnLr^ler’  suh/erial  volcanism  would  have  produced  materials  of  diverse 
nrodn^ T morphology,  including  mafic  pyroclastic  and  effusive' 
products,  and  it  would  have  emplaced  voluminous  ash-like  deposits  that 
flowed  readily  for  tens  of  kilometers.  aeposits  that 

fa)  rane^hi0nS  arj-sing.from  these  implications  include  the  following: 

subaoueon<?e  * eXplained  bV  subaerial  volcanism,  or  need 

subaqueous  volcanism  be  invoked?  If  so,  how  would  subaqueous  volcanism 

SreCindeedn  tbe  ”artlaJ  envir°nment?  (b)  If  the  light^olored  deposits 
i h W tUffS'  ^ iS  th6ir  edition?  If  they  are 

(c)  i'.nl  ^scovery  wou: Id  alter  our  perception  of  volcanism  on  Mars. 

oL“rVh:  a!h  production  be  explained  by  an  unusually  high 

S-Sl;  ”aOTa  or  by  in™°"  °f  the  — - k 

Overall,  the  evidence  points  toward  the  presence  of  at 

lnside  th"  Marineris.  If  so,  the  timing  of  the 

-ruptions,  the  composition  of  the  rocks,  and  their  emplacement 

The  exploration1^0^011  ConstJaints  on  the  magmatic  evolution  of  Mars. 

prioritv on in?  f hese  possibly  volcanic  rocks  should  be  a high 
priority  on  future  missions  to  Mars. 
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S^nFAWTHFUL.?E^SER:nWHAT  W IT  (HAD)  ERUPTED  0N  MARS  (ON  A WARM  DAY)? 
85287-1404^  KieffCr’  DePartment  of  Geology,  Arizona  State  University,  Tempe,  AZ 

. Because  of  the  strong  indications  of  correlation  between  volcanic  activity 

reeion  IaMe  TV"  M*"  (f0r  eX3mp,e’  Pscudocra‘™  - the  Chryse  Hanitla 
region  small  ubiquitous  cones  in  the  Utopia-Isidis-Elysium  Planitia-  braided 

“ °n  D fl°WS  m the  Vicinity  of  EIys>um  Mons),  the  possibility  and  nature 
of  geothermal  activity  on  Mars  is  considered.  The  combination  of  volcanoes  and 
water  usually  leads  to  hydrothermal  and  phreatic  activity.  It  is  therefore  of 
•merest  to  compare  not  only  processes  of  and  features  from  silicate  volcanism 
(e.g.,  lava  flows)  on  the  Earth  and  Mars,  but  also  styles  of  phreatic  activity 

As  an  example  of  the  similarities  and  differences  that  might  be  ' exoected 

oftW01d  pthhfT  and  maman  geothermal  features,  the  fluid  dynamic  behavior 
Hfff°  d,  Faithful  geyser  1S  extrapolated  to  Mars,  and  the  influence  of  several 
different  martian  atmospheric  pressure-temperature  conditions  is  examined  The 
constraint  is  imposed  that  a "warm"  martian  day  be  considered,  where  "warm- 
means  that  the  temperature  of  the  atmosphere  into  which  the  geyser  erupts  at  the 

triple  point  of  water.  This  constraint  allows  one  to  simplify  the  plume  dynamics 
by  ignoring  heats  and  kinetics  of  ice  formation  uynamics 

n*  , I™16'  31  thC  b3Se  °f  °ld  Faithful'S  conduit  decompresses  from 

r Cn  0 07  bar$  pressure)  at  the  exit  P,ane  (vent).  The  enthalpy  change 

Th^m  h t0  93°  C an  uPPer  limit  0n  the  exit  plane  velocity  of  u = 88  m/s 

dynafmiC  ,e<Jul*lbnum  conditions  during  the  decompression  would  allow 
formation  of  a jet  that  is  96  weight  percent  liquid  and  4%  vapor,  with  a bulk 

ensity,  p0,  of  11  kg/m  at  the  vent.  Ambient  atmospheric  density,  pa,  is  0.7  kg/m^ 

and  so  the  jet  is  negatively  buoyant.  J.S.  Turner  (J.  FI.  Mech.,  2A,  779-792  1966) 

gives  the  following  equation  for  jet  height:  ’ 

x = 1.85  FV2  d 

where  D is  the  diameter  of  the  vent,  and  F is  the  densimetric  Froude  number  (a 
parameter  that  contains  only  the  densities  of  the  jet  and  atmosphere  the 

densit^iatio0^  ?’  ^ (Th.is  equation  is  strictly  valid  only  when  the 

vah,eVt  -Pa/P°  ~ Using  the  values  Siven  above-  a height  x = 50  m,  and  a 
measures  iVhv  n?  (the  average  diameter  of  Old  Faithful’s  fissure-like  vent  that 
, . ' y b m at  ^ m depth),  the  calculated  exit-plane  velocity  is  78  m/s— 

agreement  ° /eaS°nable  demerit  with  the  velocity  available  from  enthalpy.  This 
agreemen  gives  some  confidence  that  thermodynamic  equilibrium  assumptions 

Old  FaTthfulflUld  dynamiCS  relations  derived  largely  at  the  laboratory  scale  hold  for 

#•  it  r!f  °id  Faithful  erupted  on  Mars  into  an  atmosphere  at  0.1°  C (the  triple  Point 
of  H20),  the  conversion  of  enthalpy  would  produce  a jet  composed  of  16  weight- 

woufd 1 br^bouT U385  m/s^^A0/  °'°3  kg/m3'  The  maximum  Jet  velocity  at  the  vent 
would  be  about  385  m/s.  At  present,  near-surface  martian  atmospheric  density  is 

Lr°ULl  smakn/men;r^,f|that  °f-  ***  J61’  Using  3 velocity  of  350  (*u»  allowing 

or  some  small  energy  losses  in  the  conduit),  the  jet  from  an  Old  Faithful-like 

™P  ” °"  Mars  w.ould  nse  t0K  about  4g5  m.  The  calculated  height  of  the  eruption 
strongly  dependent  on  the  assumed  atmospheric  density  and  its  vertical 
gradient.  For  example  if  the  atmospheric  density  were  so  low  that  a ballistic 

couM°nrnHUld  be  aPphed  10  ejecta  from  the  vent,  an  Old  Faithful-like  eruption 

could  produce  a plume  20  km  high  on  Mars!  Because  of  the  simplifying 
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thermodynamic  and  fluid  dynamic  asi >“”Ptio"s’ 
as  only  indicative  of  general  trends,  but  they 
atmospheric  pressure  and  lentperature  ' ’ 

fluid  dynamics  and,  by  implication,  on  ejecta 


these  conclusions  must  be  taken 
demonstrate  clearly  that  planetary 
significant  influence  on  eruption 
stratigraphy  and  morphology. 
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view  of  the  mterioroHh?^  Marineris  provides  a unique 

several  in-situ  bedrock  units  which  testifv  tn  natf  ^ reaching  7 kilometers,  exposing 
Mars.  Dark,  relatively  gray ^teSl* 1^  ““°  ^ ™gmatic  Processes  ™ 
crustal  components,  are  found  n a vSriSv nfofJ  lm°ng  the  ,eaSt  altered  of  ™rtian 
These  include  in-silu  wall-rock  8eolo8lc  ^tings  “ Valles  Marineris. 

system,  canyon  floor  covering  deposits  such  prn™gHtbe  forrnation  the  canyon 
possibly  indicating  relatively  recent  volcanism  .eoliaadynes,and  volcanic  materials, 
apoapsis  color  imlges,  we ?ave studied  [1J’  U,S,ng  Viking  °rbite; 

of  these  materials  in  an  attempt  to  and  Spatial  distribution 

volcanism,  tectonism,  igneous  intrusion  and  eohan  rilf ‘t  r,flaflon  to  Past  episodes  of 
A series  of  cliffs  in  the  On^r  rhtc  n red,str.lbutlon  in  the  canyon  system, 
resistant  bedrock;  the  spectral  denature  SS™-  'S  mt/5rPrefted  to  be  exposures  of 
resembles  that  of  terrestrial  mafic  rocks  a te^  tfr  3nd  an'form  unit  mos*  closely 
These  Ophir  Chasma  cliffs  may  be erosional  C°ated  <?*sta,Mnc  hematite' 

more  weathered  wallrock  of  a similar  f-nmtWt-C  S exPosin8  fresh  bedrock  beneath 
compositionally  distinct  unit  produced  fnr^>  •!  101i’  °l  *bey  coldd  be  a physically  and 
formation  of  the  Valles.  ’ ^ ’ for  example,  by  igneous  intrusion  prior  to  the 

materiah/Tn  the  Cem ra^Troughs' yiddsPa n8i n H ° !? ^ t(*  Pr°bab!e  young  volcanic 
consistent  with  an  interpretation  of 1 * inferred  distribution  of  volcanic  activity 

canyon  floors  5®  T*  the  marginS  of  the 

volcanism  include  the  African  Rift  Valievs  and  t^ap°n.shlPs  between  tectonism  and 
southwest  of  the  U.S.,  both  areas  of  crustal  evtenii  B|*m  a°u  Range  Provmce  in  the 
to  expect  this  relationship  to  occur  if  the  VahS  Slnce  thfre  1S  no  a‘Priori  reason 

subsidence  of  karst  or  thermokars  he  Ynt  were  generated  by  fluvial  erosion  or  by 
support  the  hypothesis  121  that  the  Vnii  n^en!ed  dlstnbution  of  volcanism  appears  to 
graben  subsidS  wyeUe  aee  of  .h  fv^?8ma,ed  ,hrou8h  tec,onic  ext“s'™  and 
photogeologic  indications  that  It  mav  be  lebt™,  “ at  presf,n‘  Poor|y  constrained, 
tensiontd  J^t^aS^adc^nyon  formation  may  be  ongoing  processes.  SUg8eS'  'ha‘ 

and  in  a wallrock  fayer  in  Cbpratw  “ °UtCrop5  ia  Juventae  Chasma 

basis  of  spectral  reflectance  inmmnpt!i?P  d l<?  be  co,mPosed  of  mafic  glass  on  the 
for  eolian  redistribution,  indicating  that' th?°n3 1 m°^pb°Iogy- and  marked  tendency 
sand-sized  grains  capable  of  saltation  MiiltSSJ?3?113  ,S-  easi,y  broken  down  into 
floor-covering  materials  in  the  lower  Lw  ! ?P  a su88ests  that  the  eolian 

derived  hundred ' kilometers  to  the  east  are 

unit  as  volcanic  ash  requires  that  the  denning  Chasaiata-  The  interpretation  of  this 
what  was  once  the  su?face  of  1 1he  pr°duced  1 n Pyroclastic  eruptions  at 

plains  materials  including  the  400  to  600  bufnf?  by  almost  3 kilometers  of 

resurface  the  Lunae-SirS  Plenum  region  Th  ? of-tHesp^an  lava^  believed  to 
Chasmata  are  thus  probably  among  theoldest  of  mart^TOl«nfc^{SalSnd  JUVent3e 

although  th  ash  J;ave  no  terrestrial  analogue, 

[9J.  If  we  tentatively  accept^  the  identfficJ  af"d  ^ be  Pt“<=nt  on  Mercury  as  tell 
the  Moon  and  Mercuty,  then  the  absence  of  «Td^^d5Et^,5 
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present  day  crustal  materials  on  Earth  requires 1“*^“ ^as  me'cOTfined 
processes  which  produce  large  pyroclastic  erupti  thejr  red®ced  gravitational 

to  smaller  terrestrial  planets,  per  ar^m  Another  possibility  is  that  these  processes 
acceleration  and  atmospheric  pressu ire  [ ]•  evo?ution.  By  analogy  with  the  lunar 

could  be  confined  to  the  early  stages  o p ty  -n  c0prates  Chasma  and  in 

mantling  deposits,  the  mater  l^wvKfe  rieh^ase  of  volcamsm  early  in  the  history 
Juventae  may  represent  a relatively  vrfatile-nch  The  absence  of  extensive 

of  Mars,  possibly  even  the  lat.e  stages  P eere^nt  voicanism  on  Mars  and  the  Moon 
deposits  of  mafic  glass  associated  a diminishing  supply  of  juvenile 

mrevSceToZeTrlmriod  of  heavy  bombardment  by  impacors. 
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VOLCA^OEfS  ,A  McGovTa?d°slCCHASo.ACT^,STI^  °F  MAR™N 

and  Planetary  Sciences,  Massachusetts  Institute  of  TechnoI^’Sbridge ^ 

can  give  rise  to  flexural  SormarionS  faulting  TlthmnlT'1  °"  3 p,Metary  Hthosphere  that 
the  state  of  stress  within  the  volcano  and  h,fs  ,V‘ho.sPhenc  ?«=»•  ■"  turn,  can  influence 
deformation  and  growth  of  the  construct  Vev  ous  s^Tof'ihe" ,°f  erup,ions.  and  Ac 
beneath  tetrestrial  volcanoes  have  been  of  two  main  ^s-  t n Jrc,“  s~atc  w,thin  and 

m isolation  [1,2],  or  (2)  finite  element  modH*  nf , ^PeS**  P models  of  plate  flexural  stresses 
conditions  [3,4],  We  seek  a model  wHirh  ™ i v°camc  bodies  with  rigid  lower  boundary 
the  plate  and  volcano  structures  in  order  to  u£  *5 and.  displacement  fields  of  both 
the  reiationship  of  empST s^lls'to 

wri,,cn  by  H J Mdosh  *"«  a. 

plate  overlying  a viscoelastic  asAenosphere^TteXXLSh?  °"  CLasdc  lithosPheric 
the  plate,  thus  allowing  a proper  representation  ?„?!?  model  buoyancy  forces  supporting 
volcano  size  to  VaJUeuS  of  lhe  ratio  of 

lithosphere  was  taken  from  flexure  models  m Th*  * ^ thickness  of  the  strong  upper 
sufficient  depth  so  that  a rigid  towe^unda^  r lay"r  WaS  taken  to  «tlnd  to  a 

code  first  calculates  elasticdefS  lnfluence  on  the  results.  The 

viscous  deformations  and  stresses  Time  hi  the ^ deten™nes  the  time-dependent 
asthenosphere.  lime  ln  the  model  sca,es  as  ‘he  Maxwell  time  in  the 

deformation  induced^yTvoS  from  the  elastic 

effects  of  plate flSiSf  wifh  incSn^  iS  Sh°Wn  in  Fi «•  2-  We'note  two 

grow  quite  large*  and  (2)  the  area  whprp  th  • • , evia^nc  stresses  in  the  surface  region 
surface  extends  progressively  deeper  evenin:!lkn^urh  COmpreS?!Ve  direc,ion  is  parallel  to  the 
Also,  a,  large  time?  .Lbound^S  be™h  ,he  construct, 

underlying  area  of 'normal'  stress  rJientatmnc  r™  °f  rota^ed  strpss  directions  and  the 
deviatoric  stress.  We  find  that  plate  deflections  WIS  •v5FtlcaI)  is  a reSion  of  low 

qualitative  agreement  with  those  of  flexural  models  [71  SSeS  WIthln  the  biosphere  are  in 

implications  for  thehisto^of  ^ volcLk  events  °It  has  been"0  stress  Flf!d  may  have  important 
flexural  stresses  at  the  top  of  the  elastic  lithosDhere  henenth  .hUfFeSte-  ^ that  time-dependent 
the  history  of  eruptions  at  inSv£  voST  wfc  HaWai-lan  volcanic  chain  control 
the  two  principal  horizontal  sriessdeviatOT^are?orm^ll->nS  “f  ,nS  durin8  intervals  when 
Applied  to  our  model,  this  would  imply  that  at  earlv  rimpcTfff VC  an-d  °f  slSnificant  magnitude, 
building  eruptions,  the  horizontal X ° Sig"iflCant  shield- 
so  magma  ascent  to  high-level  chambers  within  th*  r-  be  eath  the  voIcano  are  tensional, 
stress  directions  in  and  uch  ‘S  faV°red'  Al  la,er  ,imes-  Ih= 

horizontal,  so  high-level  magma  bodies  and  *?’ lhe  m0?!  compressive  axis  is  nearly 

ascending  magma  is  signTSflXroXuX  r“ld  "°i  “*  “kw  *e 

through  conduits  oriented  perpendicular  to  the  least  comnS?’  81Ve"  lha!.  ™8ma  Propagates 

shown  i„  Rg.  2 imply  thap  Lk  e^„“xPar^rsrg^d^ 
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young  ages  of  .he  volcanic  units  surrounding  Olympus  Mons  and  Tharsis  Montes  are 
consistent  with  such  an  evolution  in  eruptive  style  [8]. 

Conclusions.  These  initia, 

and  lithospheric  flexure  can  have ^an  p Qf  magma  chamber  overpressure  and 

ev^uati^^^  n^^surfsw^6 faulting  on  the  stress  orientations  presented  here. 

References.  [1]  U 93n472^ndl ^ ^[^L^^heiSue/aAd  W. J . Verwoerd  JGR, 

SU4bie8r2a?988*  [ 4U&P  DPeferich,  JGR,  93,  4258  1988;  [5]  HJ. 

Comer  et^.’  R%.  Geoph^l  23,  6U985;  [8]  D.H.  Scott 'and  K.L.  Tanaka Icarus,  45,  304, 
1981. 
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Figure  1.  Close-up  view  of  the  deviatonc  stress ; field  ^ bar  denotes  the 

"lt"is  ofreSX^^^  proportional  to  deviatonc’  stress  magnitude. 

The  axis  of  rotational  symmetry  is  x=0. 
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TIME  « l.OOOOEU 


dSons  oftl  F;CXUre  lowers  ,he 

Maxwell  times.  ® at  timesca  es  on  the  order  of  hundreds  of 
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CONSTRAINTS  ON  THE  DEP™ 

MONS  VOLCANO,  MARS  FROM  TECTONIC  FFA]^Qoddard  Space  Flight  Center,  Greenbelt,  MD 
2077^  rK^Shpiane.a,  Geosciences  Division.  Hawaii  institute  of  Geophys.es, 
University  of  Hawaii,  Honolulu,  HI  96822. 

The  summit  caldera  of  the  Olympus  Mons  *°'C*a°  Within  the  80  ^mSamemf Ttmc^ure 

tectonic  processes  associated  with  sbie'd^^  collapse  episodes 

are  six  nested  craters  that  indicate  that  t ^mnrp<;<;ional  (ridqes)  and  extensional  (graben) 

[1],  Also  found  within  the  caldera  ar®  ca|dera  as  derived  from  stereophotogrammetry  [3] 

tectonic  features.  Analysis  of  the  topo9  pJ(  , d oldest)  crater,  which  contains  radial  and  concentric 
shows  that  the  central  portion  of  he  large  ( perimeter,  which  is  characterized  by  concentric 

ridges,  represents  a topographic  ow,  w tbe  SUmmit  topography  to  the  tectonic  features, 

graben,  forms  a topographic  high.  The relation sh  resurfa£ng  of  the  caldera  floor  [4,5]  is 

bel^wed' t^indicate  tha^a^arge lake  has  cooled  and  subsided  due  to  pressure  reduct, on  ,n 

within  the  oldest  crater  pr°v,des  ^ C°nn^' we  use  this  constraint  to  investigate  the  size,  shape 
reservoir  at  the  time  of  su  si  consists  of  calculating  radial  surface  stresses  (tfrro) 

and  depth  of  the  reservoir  Our  nressure  distributions  representing  an  evacuating  magma 

responding  to  a range  of  subsurface  pres  observed  radial  positions  of  concentric  ridges 

chamber.  We  then  compare  the  stress  patterns  th  b approach  using  the  program  TECTON 
and  graben.  We  solve  the  problenr ’ b*  £ I"  al  properties  are  assumed.  The  magma  chamber 

[61  An  axisymmetric  geometry  and  linear  elastic  m p p 1(j  are  characterized  by  a stress 

!s  modeled^as  an  ellipticatly-shaped  ««  nodes  * ^ o)  in,erest  include  the  horizon- 

condition  that  represents  an  insta™Taama  ^ chamber  and  the  depth  to  the  top  of  the  chamber  (d) 
tal  (a)  and  vertical  (b)  dimensions  of  the  magma  chamDer  (u)  diSplacements  at  the  center 

The  following  boundary  conditions  are  imp  • djsp,acements  at  depths  much  greater  than  the  crater 

of  symmetry  of  the  volcano;  vanishing  v displacements  at  radial  distances  far  from  the  crater  rim. 

“ were  no'  sensi,ive  “ ,he  ,ar 

“"Samples  o,  radia,  surface  stress  * 3^"^^ 
a=R  (where  Rc  is  the  crater  radius)  and  b/a-0.5  are  show  at  a radia)  distance  (r)  of 

fromCthe  ridges  and  graben  changes  from  comp  ( ) these  assumed  parameters,  the 

approximately  0.53  Rc  [5],  where  Rc  of  the  magma  chamber  at  the  time  of 

corresponding  pattern  of  stresses  indi  (best-frt  range  8<d<16  km).  The  best-fit  depth 

subsidence  was  located  at  a depth  of  tess  fria  ((Fj  2)  t9he  difference  in  Young’s  Modulus 

is  not  very  sensitive  to  the  aspect  ratio  < ^ detaj|s  of  the  imposed  pressure  distribution. 

between  the  chamber  and  surr0^nd'^9fh( . hJSh,*  sensitive  to  magma  chamber  width.  The 
However,  as  shown  in  Figure  3,  depth  is  h'9h^^  ,,  is  9 jder,  then  Figure  3 illustrates  that 

chamber  is  unlikely  to  be  markedly  narrower  than  th  , d We  thus  conc|Ude  that  if 

a shallower  maximum  depth  than  de'™^^ 

concentric  ridges  and  graben  within  the  g magma  chamber  withdrawal,  then  the  magma 

formed  as  a consequence  of  subsidence  related  to  magm  ^ ^ ^ ^ ^ radjus  with 

chamber  was  located  within  the  v*f"^  !^'  ^tween  Mars  and  Earth,  this  depth  is  similar  to  that 

,he  Kilauea  caldera  m ”hich  wou,a  sufl9ea  a 

similarity  of  internal  structure  of  the  two  shields^  LMr  ptanel  Sa  Coni.  XII,  1431-1447  isei. 

to  LPSC  XX, , |6|Me,osh.  H J-,  and  A.  RaetsXy,  Geophys. 
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J.  R.  ast.  Soc.,  60,  333,  1980.  [7]Ryan,  M.P., 


et  al„  J.  Geophys.  Res.,  88,  4147-4181,  1983. 


Figure  1.  Radial  surface  stress  (a  J vs. 
distance  from  the  crater  cent efr(r/R 
where  /?c  = crater  radius)  due  to  defla- 
tion of  a subsurface  magma  chamber. 
Stress  patterns  are  shown  for  a range 
of  depths  (d).  Assumes  an  elliptical 
chamber  with  width  a=R  and  height 
b=0.5a.  Negative  stresses  are  compres- 
sional  and  positive  stresses  are  exten- 
sional. 


Figure  2 Plot  of  „ vs.  r/f)  for  a 
range  of  magma  chamber  aspect  ratios 
(/a)  assuming  a=R  and  d~0  5R 
Note  that  the  transition  from  comprel- 
s.on  (-)  to  extension  (+)  is  not  sensitive 
to  this  parameter  except  for  very  small 


Figure  3.  Plot  of  , vs.  r/R  for 
range  of  magma  chamber  widths  | 
assuming  b=d=0.25Rc.  Note  that 
wide  magma  chamber  undergoes  tl 
transition  from  compression  (-)  to  exte 
sion  (+)  at  greater  distances  from  tf 
crater  center  than  a narrow  magrr 
chamber.  Therefore  a chamber  wil 
a>ft..must  be  shallower  than  a chan 
ber  with  a=Rc  to  explain  the  transitio 
from  concentric  ridges  to  concentri 
graben  at  r~0.5R  in  the  Olympu 
Mons  caldera. 
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vni  r'1  *\iir  PFOT  OGY  OF  THE  MARTIAN  HIGHLAND  PATERAE 
David  A^Crown  and  Ronald  Greeley,  Department  of  Geology,  Arizona  State  mversity, 

Tempe,  Arizona  85287 

V highland  % 

are  and 

I^eus  Pa^erae^are  a^cxdat^  with  hav  ^^^*used 

Origin  r;  £ee 

emj^acem^t°o^f  ^avity-driven  pyroclastic  ^gy6^  ^^oundwa^^or 

volatiles  or  groundwater  could 1 provide ^sufficient  “S  accumulate  rapidly 

hydromagmatic  eruptions  has  been  considered,  arg  . R t work  includes  geologic 

0 er  ?etfgi5.ei &5£p£S?  SSm  S syntheses  of  d^otogeologic  and  rSodetfng 
^udieTo^H^cTri^c^n^T^ndiena  laterl  in  order  .0  examine  volcanism  in  «he  eastern  Hellas 

region  [13]. 

Geology  of  the  East  Rim  of  the  Hellas  Basin 

The  Hellas  basin  is  a ~2^IS' a"om'ptex geologic  region 

channeling  [12,  Major  units  bd«teH«^ 

^dfcative  of  uddespread  aeolism^ctM^'prestmably^efat^^^he  di^rstom^orig^^ng  in  the 

S2Sb^SS5-^i«5SSSs 

the  debris  aprons  and  pitted  materials  observed  in  association  with  the  older  un  . 

Tectonism  in  Eastern  Hellas 

Impact  basin  control  of  volcanism  and  tectonism  is  evident  on i the  Moon  [16]  ^ 
relationships  between  martian  basins  and  surface  processes  have  been  identified  [4,  1 J\-  to  mtom 
Mas  Hadriaca  and  Tyrrhene  Paterae  are  placed 
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unit  at  Tyrrhena  are  also  obsfrved  basin-Slated  teaon^  ^ ^ d!rectlons  in  the  flank  flow 
governing  ridge  orientation  because  the  regfonal^lone  S “ “ Cons,deredrthe  Primary  factor 
controlled  the  emplacement  of  the  volcanic  unfit  X NF  w f Kf  c°£  the  basin  and  has 
measured  agree  with  previously  documen  edTend,  fir  oE  SW  a"d  NW'SE  ndge  orientations 
effects  of  the  Hellas  impact  event  over  ™wide rS ^ofTh^T*  l™?,™  P 8]  and  indicate  the 
of  the  tectonic  signature  of  the  basin  over  geologic  time.  uthern  highlands  and  the  persistence 


Volcanic  Geology  ofHadriaca  Patera 

i r i . 


the  caldera-E^  Tyrrhena  Patera  and 

possibly  due  to  either  overflow  or  mantl’inv  ^ 1 |he  ca,dera  wall  is  not  apparent 

evident  and  extend  into  1?$**  ?e  caldera’  sca^s  are 

appear  to  be  erosional,  a large  scam  ne^  the Volcano-.  A1though  many  of  the  scarps 
margin  of  ponded  lavas  or  ash  Surrounding  fh<-  th.^estern  margln  of  the  caldera  may  be  a flow 
Hadriaca  Patera  is  -290  by^O  the  ?anneled  of  the  volcano 

slope  into  the  Hellas  basin  [19],  Flank  slopes  ran Sfrom  ft  fts°  SOUt.hwest  alonS  the  regional 
west  and  south  [61.  On  the  west  and  snmh  nVu  ?uge  .m  ~005  in  the  north  to  -0.60°  in  the 
the  number  of  exposed  layers  greater  than  to  the  mT ““H*  be?ree!J lhe  channels  is  smaller  and 
ndges  between  channels)  do  Sxt K , "d  1^5f,^,.where  Ihe  °bs<™=<i  scarps  (defining  the 
evident.  The  channels  are  coZSnlyTot coSuouTa  oneTe  n °"ly  °"e  °r  ,w0  la^  “re 
from  topographic  highs,  such  as  the  rims  of  smainmL^  !ks'  an?  se,veral  cha""els  extend 
southwest  flank  of  Hadriaca  Patera  spvprai  ridr,  ...  rnpact  craters.  In  the  lower  part  of  the 

channels  are  observed.  No  evidence  for  fl an k ^ru rninn^- NE'S W and  deePer  dissection  by  the 
channels  and  related  scarps  and  the  presence  of  remnant  nf  7116  morPhology  of  the 

process,  presumably  sapping.  The  erosional  rhamot  • • ndges  suggest  an  erosional 
morphometry  to  large  terrestrial  ash  sheets  [51  and  the  ahQSUCS  * r c?rnbination  with  similar 
(except  in  the  flank  flow  unit)  suggest  that  Hadri  J t ? absence  of  pnmary  lava  flow  features 
r Assuming  that  eruptions Tcumed  nKS  ^ 18  COmPosed  Primarily  of  ash  [8], 

Hadriaca  Patera  can  be  used  to  constrain  possible  exnlnr?ent  SUIPm,t  reg1Qn,  the  dimensions  of 

origin  for  most  of  the  deposits  can  be  Kissed  KVe  CT^tlon  mechanisms  [6-8].  An  air-fall 
£;®mparable  to  the  maximum  flank  width  of  ~45ft  USe  tbe  eruPtlon  cloud  heights  required 
[20],  Models  for  the  emplacmenTof  £av£v  d^L X*T™sonahl*  J*  the  martian  atmosphere 

indicate  that  the  dimensions  of  Hadriaca  Patera  reauire  initial S rfS1Sted  by  a frictional  force  [21] 

(for  a slope  of  0.25°  and  coefficients  of  friction  bKei? ' 0 O^ftim35^^  38  350  ‘ 550 
hydromagmatic  eruptions  indicate  that  these  velocities  co.i1h°£5  \S10  ^ theoretical  analyses  of 
a magma’s  thermal  energy  into  the  kinetic  eneravnff  ^ ^.P^11^  for  < 12%  conversion  of 
experimental  results  [22],  The  requisite  amount  ast,c  flow»  whlch  is  in  agreement  with 
hydrovolcanic  phenomena  could  accumulate  ran^dlv^3  ^ produce  Hadriaca  Patera  by 
determined  for  Mars  [6,8],  A magmatic  Kri™  ge®loS,c  time  at  water  flow  rates 

mass  eruption  rate  of  > 107  kg/sec  and  a 7ft  k-mWlth  3-n  exso,ved  volatile  content  of  > 1%  a 
sufficient  energy  [23],  ^ 3"d  3 70  km  eruPtIon  ^oud  height  would  also  generate 


Volcanic  Evolution  of  Eastern  Hellas 


indicate ’(ha^herfd^d’Jfiafns^f’we^teni’l^e^’ri/p?*0^0  ma?p[n8  of  easKm  Hellas  [9,12-13] 
Patera  are  younger  ,L  the  basal  aTdtmmi?  shield  unfisTufnl? 6 na"k  fl°W  uni'  aI  Tynhen. 
to  effusive  volcanism.  The  erosion  of  the  flanks  of  11,1,1,;..,.  Resting  a transition  from  explosive 

fo™"fioen  fteS  SafvS\umowTys“ercon.i^^^^^^ 

Thus,  the  erosional  processes  affecting  ^ 
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probably  active,  at  least  in  some  areas,  after  emplaceme^  t ^ dhTyrrhena  Paterae  as  ash  rather 

supports  the  interpretation  of  the  dissected  u ^ subjected  to  similar  degradational 

than  eroded  lavas  because  the  of  volatile-rich  surface 

processes,  at  least  in  the  south  nea  morphologies  of  the  channeled  plains  and  Dao 

materials  in  the  region  is  strongly  suPP°*ef  D^ins  associated  with  Noachian  mountains 

Vallis  [11-12].  In  addition,  debris  flows  and  Pltte/*P^  The  transition  from 

near  Harmahkis  Vallis  illustrate .the  » the  flank  flow  unit  and  the 

explosive  to  effusive  volcantsm  (from  thelow  staeM  ^ ^P  Qf  (he  cessation  of  magma- 

ridged  plains  of  Hesperia  Planum)  ca  /P  concentrated  by  the  topography  of  Hellas  and 

volatile  interactions.  Groundwater  could  have  The  interpretation  of  the  caldera-filling 

would  have  moved  easily  in  the  fracture id  high  a . m with  this  scenario,  as  the  rising  magma 
materials  at  the  paterae  as  lat^staj?e^  f inflow  by  Water  [24],  In  addition,  as  the  volcanoes 

™kafo.thExpS  erupdons  aT^hena  Patera  would  have  ceased  firs,  due  to  tts  d, stance 

from  Hellas.  . . . . „ctprn  Hellas  has  implications  for  the  general  evolution  of 

The  style  of  eruptive  activity  in  eastern  He  nvroclastic  flows  forming  the  paterae,  this 

martian  volcanism.  If  magmatic  m Amazonian  time,  when  the  Tharsis  and 

suggests  an  evolution  in  magma  types  from ‘ Hesper ^ t he  endties  in  the  mantle  from  which 

Elysium  volcanics  formed,  and/or  the  existe  P f h paterae  imply  an  evolution  from 

the  magmas  were  derived.  Hytomgma^  ongms  Mis,  in  accordance  with 

volatile-rich  to  volatile-poor  eras  in  the  near  surt  morphologies  and  the  energetics  of 

proposed  global  climatic  changes  [ 1-  ■ d hydromagmatic  origins  of  Hadriaca  and 

sup/orrs  the  role  of  magma-volatde 

interactions  in  the  volcanism  of  the  eastern  Hellas  region. 
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MARS;  HL,JSEMoore  M°R|H0“°y  Of  A LAVA  FLOW,  ASCRAEUS  MONS, 

an,  P.A.  0avis,  6.S  aeol°gSarL^7^^affrA2,C84ool?“ 

We  have  obtained  some  32  profiler  of  i 
using  photoclinometry  r 1 1 The.P  nw  M flows  on  Mars 
were  leveled  by  adjusting  them  Stn  3J°Cl^noinetric  profiles 
same  elevations.  Here  we  coniMrU  th?  levee  crests  had  the 
rheologic  analyses  for  one  profile  fl°w  dimensions  and 

previous  results  using  dimensions  f ° A?craeus  Mons  with 
techniques  [2,  profile  E5 , from  images  and  shadow 

rheological  analyses  we  usia9wid;  J?ble  X) * In  our 

model  [4],  and  model  1 of  Baloaa  fnd  m0?el  [3]'  Hulme ' s 

are  estimated  by  using  an  unmixed  rnoi • 1Sp  f ^ ‘ Effusion  rates 
calibrated  by  using  Hawaiian  model  t6J  and 

model  [4,8].  our  Iraetz“^“°”?fS  Graetz-"u”*« 

times  larger  than  previous  ones  ni  L rates  are  about  3.9 
increase  in  thermal  diffusivity.  ? b Cause  of  a corresponding 

ones'^f^aSl1;  i)!  r??eld%?Sn^hsatibleHWith  the  P^ious 
Bingham  viscosities  are  aboS  i to  ^n^P  * Ut  1 t0  10  kPa'  and 
viscosities  for  the  wide-f?ow  LhZi  MPa*s*  Newtonian 
than  Bingham  viscosities  Rates  of  about  4 tlInes  larger 
s V Both  Newtonian viscosities  and ?m*r*  verY  small  (5x10’ 
comparable  to  those  expected  int  L ?«5ates  °f  shear  are 
they  stop  [9,ioj.  P basaltic  flows  just  before 

Morphologies  of  flow  F rfiV.  i\  , 
near  the  summit  of  Ascraeus  MonA  d °f  roany  other  flows 

those  of  Hawaii  [H]  and  Etna  ri2l  and  similar  to 

morphologies  indicate  the  presenci'of  °r  b^h  types  of  fl°ws, 
and  lobes,  breached  lava  ponds  and  levees/  sheets, 

appear  clogged  (profile  A fia  n RnH3^8'  locally,  channels 
drained  (profile  B fia  • anA  V-  ln  other  Places, 

multilobed  (fig.  ij  Internrefaf ^PS  °5  flows  are  commonly 
uncertainties  Lto  the  appropr^e°?T°f  fl°WS  introduces 

m the  rheologic  models  ^Additi ^na f1  dln,ensions  to  be  used 

are  related  to  ef fusWraJS  : modeJs^ K^T*™?**  exist  that 
lengths  and  areas,  and  measurS  f ? Parameters,  flow 
compatibility  of  the  results  flnf  techniques.  Thus,  the 
the  previous  results  [2]  is  surprising  °giC  analyses  a"d 
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CA  91109. 

The  nature  and  origin  of  a smooth  {\he  Cerb Cerberys  Plains 

southeastern  Elysium  and  western  ^ce  of  nearly  3i000  km;  the  plains 

cover  >100,000  km2  and  extend  an  eas  we  near  , ongitude  1950.  The  unit  is 

are  about  700  km  wide  in  a no fth-south  d t emba  m9ent  relations  with  older 
uncratered  and  exhibits  lobati e albedo  patten dj“ed  emplacement  and  the  unit  is 
terrane.  Morphologic  cJaKra^heJ'^  ,arge  volumes  of  very  low  viscosity  lava.  A 
interpreted  to  be  formed  by  the  erup  9 b Schaber  (1980),  but  he  felt  that  the 

volcanic  origin  for  this  did  noi  discuss  its  origin  in 

unit  had  been  heavily  reached  a different  conclusion  and 

SSW  rfe^Knlar^  ourmp  a ffuvial  episode. 

The  Cerberus  Plains  are  one  of  the 

±15  craters  >1  km/106  kmj  were  insured  d c||e  „umbers  0f  <50. 

cite  1 km  crater  numbers  of  <600,  and  ® overlies  all  other  units  in  he 

5„estnA:haezoCr  (Greeley  and  Guest,  1987;  Scot,  and  Tanaka, 

1986). 

The  Cerberus  Plains  are  c.h ^[5  wh h ^olian  processes' ' T hese^atterns^su ggest 

independent  of  the  wind  streaks  aas°^ia^pl  fns  thenPa  northeastward  flow  through  a 
an  eastward  flow  across  the  Cw^rus  P^s,^  ^ ^ o(der  channe|S  carved  into 
topographic  low  in  the  knobby  terrane  (e  P 9 d th en  out  into  Amazoms 

knobby  terrane  and  ridged  plains  dura*  an  forming  bands  up  to  40 

Planitia.  In  the  east  the  albedo  patterns  eg  o y ^piex  and  intricate  with  high- 

meandering  patterns  to  broad, 

equant  "ponded”  shapes. 

Small-scale  surface  texture  o,  .he ^ Car' t^N, 

highest  resolution  images  are  the  rel®va  . P .ains  and  knobby  terrane;  here  the 
174°W  the  unit  fills  a channel  cut  through  oktor  plains  an^k«»y  texture 

channel  floor  appears  smooth  whereas  the  °u"d , 9th  origina|  floor  is  covered  by 
and  numerous  400-600  m southern  margin  of  the  Cerberus 

material  younger  than  the  surr°.aad'nf9  Pf  ce‘  d*taiis  indicative  of  a lava  flow-pressure 
Plains  the  surface  shows  a myriad aurfba^®  ,ees\  a festoon  pattern  is  observed  locally 
ridges,  flow  fronts,  and  flowage  around  otetojte  , Morphology  suggestive 

indicative  of  flowage  up  against  ft  Pianitia  (near  22°N,  WW) 

tlrlT^r Son  of  matS  indicates  flow  and  where  the  materia,  terminates  ,n  a 
seZs  of  digitate  and  lobate  fronts  about  10  m high. 

Six  eruptive  vents  t*«# 

Sglav6 *om  a cen,ra‘  Vent  3nd  3 ^ ^ 


397 


channel  system  (e.g.,  Mauna  Ulu  and  Mauna  Iki;  Greelev  19821  qnme  nf  tho 

2S?  « f>,Te  haVins  "W*  *•"*  others  a'rmor  “ mme™  slmr«ms 

range  from  1-2  km  diamete,  for  circular  vents;  up  to  15  Jin  length  to  efongate 
(specifically  the°  Yakima" Basalt) ^RockT  basalt^rovinces  "(Greeley  9820* are 

srs  a ss £S;3£ 

andlhe  vents  are  fissure  systems  typically  lens  to  hundreds  of  kiLeters  Iona  m zones 
severa  kilometers  wide.  Western  Cerberus  Plains  (near  longitude™0 ')  SJrs  to  bl 

s&sis 

r - ~ - « ^i:Lr£Fs 

may  correspond  to  the  present  location  of  Cerberus  Rapes  The  e "able  fssures  w»re 
probably  relatively  narrow;  tor  example  the  lunar  mare  fissures  are  orobabv  io  ps 

P^res'^SLre^fltis^idir31'"  ""  ^ *"d 

and  Taiaka^i^^  proposed  by  Tanaka  and  Scott  (1986) 

»rdvid  - 

nfp  “ °J  9 r.ec°9nized  source  region  for  the  fluid  (presumably  water)-  the  absence 
~ S'nk:  and  the  burial  of  channel  floors  and  ‘he  channels  themselves  bv  me 

^er  ane  can  T*  3 f,UVia'  °rigi"-  Channe,s  ^TSTkSbS 

n n ld  HoK  I®  ced  t0  the  sou‘hwest  into  their  source  region,  nor  to  the  northeast 
wpQtprn  deb0huchme£|lt  area=  Presumably  they  are  overlain  by  the  younger  pla  ns  in 
western  Cerberus  Plains,  narrow  channels  (a  few  kilometers  wide)  are  m ? in  n 

and  only  on  the  older"  £lains^  end  Tthf Contact  with' me  Cerbems 

:£Sr 

u.  i h . , global  scale.  Although  central  construct  volcanism  (e  a Olvmous 

Mons)  has  long  been  recognized  as  occurring  late  in  time  flood  volcanism  fiES 

55^  ^"hhes 'dHava 'having  & xlSy^d^rup^a! 

vSiZed  •eT’S  “hlch  “«  the3  (aVe  MonPs  shteto 

Isas  Bu,ha,vhe  s-  dsssS 'hSz 

hSed  V 6 re,Urned  10  "°0d  e,upli0n  again  aHer  cem,al  eonstructional  voteanism 
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r^J  y «.  wi-b  voi^ic  h G„,ri.  ggaa,  m„ 

• “ y R G.  Strom.  L..»  „d  Pluetwy  L.to.tory,  of  Ari*».,  7\icaon,  AZ  857J1. 

««  About  100- 200km  bujJ’Soi^wT^mrils^hfd,  ".SIS  fiJ*1  '?“*"'??  “ the  M«rinet  » Images  They 

leyen.  Propoud  orijin.  ate  surnmarited  by  the  foilolriu  hySjtlSSi^1  **  Wt  l'de,elope<1'  *“M*>Hiom5 

‘-T “* — 

Plau“  and  walls,  igyrglaatic  deposit, A pw<^t?or[g  j hv  f °,n  the  Ending 

between  the  erosiona!  pattern  of  terrestrial  ash  flow  .nd  * u Ji  «•  ^ ,°r  ®ow  18  based  on  the  similarity 
Hebcs  layered  terrain  [1].  However  because  there  are  n ^ tu?  “*?  that  of  the  resistent  layer  in  the 
no  evidence  for  an  associated  caldera,  NedeH  et  al  f21rew£d  1^°®^  °Vhe  8Urr0Undin8  Plains  and 

— - - - 

T sr>™d“‘  thIi1G"si‘  iT*  l"r<li"  ,h'” 

the  southern  upper  plain  show8; evidfn«TrSS  ^ “L bu^  A ,ar*e  crater  « 

channel.  On  the  western  part  of  the  canvon  floor  »»»  Kwt outburet  water  to  the  east  forming  an  outflow 
Their  morphology  is  similar  to  the  *£"  to,.20km  acro“  and  about  1km  high 

To  the  south  and  southeast  of  the  layered  terrain  therm  bought  to  be  the  source  of  outflow  channels 
hundreds  of  meters  high.  These may  be  S Lfc  “e,cIu8teLrs  °f  agnail  hills  l-5km  wide  and  a few 

constructs.  Their  color  is  similar  to  the  canyon  flw.  °f  chaot,c  terrain  or  th«y  could  be  volcanic 

l-5-2lkIi^^^sll^nrhT1 towXV^  toT  °f  hT®1*  Uyered  tMr,lin  “ 100km-  4°-5°kni  wide,  and 
gentle  south-  facing  side  has  a slone  ofaf™^  have  been  more  eroded  than  to  the  east.  The  relatively 

altb8’Je1^h  about  10km  ^de.  °! the ."outh-Tacing  side  are 

may  be  large  landslide  masses  that  have  been  subsequent”? .wtrfhl *££*  r?  V?  them  »“88«t  they 
direction  from  the  summit  of  the  layered  terrain  to  new  ?u  h!L  ^t.  by  *"?¥*•  E,xtendin8  ™ » north-south 
In  some  cases,  areas  of  dark  material  surround  tb? fflW?  *veral  lme8Lof  darker  domes  and  ridges, 
intruded  into  the  layered  deposits  and  sub«qu^  may  be  v0kanic  domes  and 

layered  terrain.  The  associated  dark  d ep  os  itscould^be  erosion  ?^D  w^[ch  shaped  the  present-day 

material  Part  of  slope  has  texture  smoother  ^ structures  or  pyroclastic 

pyroclastic  material  suggesting  volcanism  rouM  h,v*  Km  wca.  This  could  be  covered  by  the 

can  be  divided  into  uj?mj?«55l  ^ u^ts  (A  B C?n  ?Tu  Tbe  ^ tcrrain^lf 

tTa’n  u“>t  consists  of  other  less  well-defined  uniUnot  show^FieTT?  the  ero*,onid  morphology.  Each 
thin  and  have  steeper  slopes  than  the  lower  unit  Strata  with;n^K  ^jfb  VpP'r  two  layers  are  relatively 
out  against  the  upper  unit(C)  sugeestiL  an  anenlw  «n^  > 7°^  “nit(B)  appear  to  thin  and  pinch 

Uie  lower  unit  (A)  appears  truncated  by  the  middle  unit  indicative  iWoT  1 Sirnilaj-Iy,  a dark  layer  within 
To‘he  7ft,  these  three  main  units  disconformablv  over! u T k A $ Aguiar  unconformity  (arrow  2). 

cratemd  terrain.  The  angular  conformity KS thYm^!.  Iy  ba?*  rock  that  might  be  ancient 

least  two  intervals  of  erosion  between  the  deDositionnf  tt? am  8tratl8raphic  units  suggest  that  there  were  at 

sIzssks  ^ ,bI  “d  the 

lak^Md*  °f  Ghaot'c,terra'n  associated  with  this  eveVt  ^2  Uy^Adeo  — 'S  and  mesas  may  be 

an/f  A?^-f?10a  ayer  A durmg  minor  tectonic  tiltine.  4 Refillin^f61**^'  3*Pfa,mng  or  evaporation  of 
B j,  . posit'on  of  layer  B uncomfomably  on  layer  A 5 Erainmir  nr*  ^ canyon  with  water  from  subsurface 
B during  minor  tectonic  tilting.  6. Refilling  of  canvon  with  wi?*  r apo.rat,°n  o{  ,ake  and  erosion  of  layer 
unconformably  on  layer  B.  7.Intrusion  of  volcaniJ into  faveTed^  fron?.9U^“rface  and  deposition  of  layer^C 
e cast  and  erosion  of  layered  deposits  to  8ai“i,oiih,c  1 1*.  *» 

» fSxsps  BS!±fa2iSa&  gg-ffayr  ^ 

This  may  be  consistent  with  the  proposed  cycles  of  anei^t  ^ multiple  cycles  of  canyon  filling  and  draining. 
REFERENrp<rmp.,.mD  cprf  cyc*f  °Tfiane,e"t  ^‘ans  in  the  northern  plains  [51  * 

al.  (1987).  Icarus,  70,  409-441  bVLucchitfaB  k7i9m“^'  cl?'  P 1459*1471-  PlNedell,  S.S.,  et 
234.  NASA-  TM  85127  MlMcCauley  J F r ^2*  ’ Planetary  Geology  Program,  p.233- 

CrelojicJ  Survey,  Mb<.  lev.  M.p  V.R?/,  ™P(1«0,'  ^Sd’p^^'s^XxT'  U S 
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THREE  PYROCLASTIC  DEPOSITS  IN  THE  NECTARIS  REGION 

Cassandra  R Coombs l,  B.Ray  Hawke2,  Chris  A.  Peterson?  and  Paul  C 

’ SN^5  Johnson  Space  Center,  Houston,  TX  77058-  2Planetarv 
ciences  Division,  Hawaii  Institute  of  Geophysics,  Honolulu,  HI  96822Y 

INTRODUCTION 

^UbrSnaia- 

{^iST  “L1(  h deposits  have  been  identified  in  the  Nectaris  region 
mentioned ^severaf  tim^s^n^elatio^^o'othe ^stud'es  .Wj  haS  bee" 
fhem  n°  de‘ailed  rem°te  SmS,n®  stud0ie°sthheLrydieSbeet  und^rTS  ‘°f 

data  oTM 

orrS,en  mV?  ,1)  deiermlne  wh‘ch  of  ^ depositsTre' o?  py™dasb!e 

investigate  theeroption  LXnisrn^ 

fy£ff  Zofs°f^  it  5»CS;  t> 

are^norofpyrocla^^^^gire'3^111^ ^oo^bga^the'artgirTof1  those  that 
METHOD 

Geologic  maps  of  the  region  were  constructed  using  Earth  has^a 
- ^eecraft  photography.  In  addition,  various  speetaTdata  sets  were 
K ,Thf  * data  sets  include:  (1)  near-infrared  reflectance  specta 

sss:.! 

RESULTS  AND  DISCUSSION 

. ^ri!;eria  e,stablished  by  Head  and  WilsonS  were  used  to  heln  identifv 
the  endogenic  (pyroclastic)  deposits  within  the  Nectaris  ctnHv  Jarr  ^ 

SIH 

feature  lacking  around" endog?n?"ra^^^ 

deposits  peripheral  to  irregular  source  vents  mantle  or  subdue  the 
d™omnfhaTof’ ^antapac^crTrPOSiti0n  °f  the  P^oclastic  deposit  will 
tn-o  bBath  l?calize(J  and  regional  pyroclastic  deposits  were  identified  in 

or  more  vents  whereas,  localized  pyroclastic  deposits  are  small  (<250 
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km2)  mantling  units  with  a single  source  vent.  The  localized  d eposits 
examined  in  this  study  include  the  Bohnenberger  DHC,  the  Gaudibert 
volcanic  complex,  the  Gaudibert  crater  DMD  and  a deposit  on  part 

DagUeMultSectral  ratio  images  of  the  localized  deposits  exhibit 
relatively  low  values  in  the  0.40/0.56  pm  range.  Near-infrared  spectra 
fo  6 2 5yum)  for  various  portions  of  the  Gaudibert  B pyroclastic  deposit 
fail  ^thin^he  Group  1 spectral  group  as  defined  by  Hawke  et  aU  These 
snectra  tvnically  exhibit  1.0  pm  absorption  bands  centered  near  0 93 
S 95  urn  ^th  depths  of  approximately  4-5%.  These  bands  are  generally 
asvm metrical  and  have  been  described  as  "checkmark-like  with  a 
St  steep,  short-wavelength  edge  followed  by  a shallower  straight 
lone-wavelength  edge.  The  Group  1 band  parameters  indicate  t 
presence  of  feldspar-bearing  lithologies  with  mafic  assemblages 

d ° in  i n a ted  y orth  o p 7™  deposit  of  possible  pyroclastic  origin  is 

located  southeast  of  Nectaris.  This  possible  regional  dark  mantling  urn 
pxhihits  unusual  values  in  the  multispectral  images  and  color-difference 
nhotoSaphs  Additionally,  depolarized  3.8  cm  radar  backscatter  images 
SfSSfSKwt  relatively  few  values,  similar  to  other known ^egonal 
pyroclastic  deposits.  Further  telescopic  studies  will  help  determm 
composition  of  this  unit. 

*f)FaREHawke,  C.R.  Coombs.  P.D.  Owensby  (1989)  Proc.  Lunar  and 

Planet.  Sci.  Con/.  19th.  255.  (2)  D.  W“hQe'”s.?"drJS  Prof' Papir  134S 
nen  c Mav  1-703.  (3)  D.  Wilhelms  (1987)  U.S.G.S.  ProJ.  t aper  j j , 

s4p  (4TsPZ,sk  etal  (1974)  Moon  10  17.  (5)JL  Head  and  L.  Wilson 

(1970)  Proc.  Lunar  and  Planet.  Sc l Conf.  10th,  2861. 
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fhegL°ZrD^^tUng  Dep°Slts  Located  *»  **•  North-Centra!  Region  of 

Bjfay'i^awke.  Chri^A  P|sk  Cp|nter;  Houston-  Tx-  77°58 

DMsion.  Hawaii  institute  of  Geophysics.'  Hotiulr^eS^'6”'8 

Introduction . 

es,ab„s2enth'f  a Sp^^u„LT.^t° COn“der,,,g  ,h* 
a^dTnTp'L’T^^^  ‘°tSUS,a,n  “*  ■"  <**  reduce"g“„n“ 

=ir==s£==-- 

3S==S«S 

unconsolidated,  extensive,  and  relatively  thick  and  ma  ' ^ ^ V°  Canic  deP°sits  are 

d“nslng  stud,es  of  ,hese  po,enlia"7 

Method. 

spacecraft ‘and  ^arth-based^thotocndJhs'M  Ir"'4,  remo,e-sens‘"S  d«a  as  well  as 

were  utiiized  as  were  boib  n’eatSatd  a^vTiO  *?  .T  “ ^ $ 

reflectance  data.  The  near-IR  nnd  ttvvtq  * , S ^0-35‘1-1  4™)  spectral 

regional  pyroclastic  deposits  using  I Zne'ToZT  “"'T  ^ “ SeVeraI  S'“=cted 

by  Zisk  e,  al”.ne X II  ” "T T'  Afd,U0naI‘7'  rad^  d«a  (3.8-cm)  collected 

Haystack  Obsetvatoiy  were  «ami^Torter^«  31  <he 

Of  the  regional  pyroclastics.  charactenze  the  surface  properties 

Discussion . 

largely  crystallized  and  consist  of  very  fine  intercrovvlhs  nf  1 t ^ k Spheres  are 

of  olivine.  These  A1 7 black  spheres  are  similar  th  u 1 menite  and  cuhedrai  crystals 

the  A17  high-Ti  mare  basalts,  and  are  rich  in  TiOo  (gTo0/^01  ^T’031,  in  comPositIon  to 

laboratory  reflectance  spectra  for  the  A V A comPariaan  of 

ctance  spectra  for  the  A17  samples  with  telescopic  spectral  measurements 
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of  the  Taurus-Littrow  deposit  has  demonstrated  that  ^ 

^X:lrr^n  ^ - degree  of  surface  roughness  and  a relatively 

bl0Ck-fBe  slteft  e3xa  ^UhL-  regional  pyroclastic  deposits,  there  are  many  others  on 
the  lunar  nearside.  Among  these  tnc.ude^is^ 

“itSS  Sve  Redoes  ^ These  deposits,  too. 

deposits  indicate  that 

composed  of  high-titanium. ^southern  Sinus  Aestuum;  and  Id) 

=HS==-““r 

Sinus  Aestuum  and  Southern 

interpretations  for  strikingly  uLform  in 

:ros..r^:.  ™«/or  ,aterag,  — ^ve  " £ 

contamination  of  these  surfaces  by  non-pyroclast ic  mate  _ 
supported  by  two  newly  collected  UV-VIS  spectra  collected  for  separate  po 

S— the  pyroclastic  deposit  on  the  west  Hank  of 

h:rrrt— 1 r—  a—  * 

Z“^^=^S5S=5 

"soil"  fragments. 


"f=w.  ( 1 985,  Lunar  Bases  and  ^ ^^d  Sht" 

pr  pep  on  (3)  Cameron  E.  (1988)  Lunar  Bases  II,  p.  010  /r»\ 

ZzZJsL*  p.  44.  ,5,  Shevchenht > v-dBu^va^^^esn. 

McCord  T.  et  ai  (1976)  icams.  29.  p 1.  (7)  Z^k  t.  at  ^ pi‘elers  c.  e, 

aM19731TCf!  ^78^  5867- ll^Tieters  ^et  ai.e(1974)  Science.  163,  p.  1191.  112)  Adams  J.  et 

d.  (1974)  PLSC  5,  p.  171.  (13)  Wilhelms  D.  and  McCauley  J.  (1971)  USGS  Map  1-703. 
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I”ARK  MANTLE  DEPOS,TS  ™ ™E  “OON-  « D.  Spudis,  u.s.  Geologica,  Survey,  Flags,,* 

mapping  of  the  Moon^.ft  [Tj)^  BasedTn  a ge^raf bdieH h°  be, °f, !°lcanic  ori8in  during  the  geologic 
considered  to  be  the  youngest  products  of  lunar  volcani  ^ tk  = "y°Ung."  (see  [l,2j),  they  were 

Litlrow  Valley  to  sample  the  extensive  dirk  mam  Ip  HamSn!'  Jhe  Apollo  17  mission  was  sent  to  the  Taurus- 
51-  Samples  returned  Lm  th«  th’s -g™  that  were  inferred  to  be  young  |3- 

pyroclastic  volcanism  that  occurred  over  3 7 billion  years  aeo  161  ‘S  th°  producl  wf 

pyroclastic  volcanism  was  confined  to  the  "main  olJse"  XS  ^ bee"  "?de  y assumed  thal  lunar 
years  ago.  Subsequent  reinterprrt^ofXrt  d S 1 'fT’  ar°und  3'8  3 billion 

Seremtatis  [8J,  and  crater  densities  in  the  Apollo  17  region  IbTall  ^ P’  ^ strat,graPhy  of  Mare 

arc  old  (>  3 Go,  and  tha,  >u„g-  dark  maC  Pyr°ClaS‘iC  ^ 

grained,  ™c“da,cd tbrL tT^cmcr^c^ed  M0°"  “3,““"  B“ausc  ,hcsc  uni,s  are  Hoc 

Moon  [10,  11].  Sevc^a^d^k^ep^^sare^^'dent^m^hich  sun"  11  ^ equatorial  cas‘  *»mb  of  the 

particular,  dark  mantle  deposits^ccur  around  the  marof  sun  'llummat,|on  photographs  of  the  region.  In 
craters  Haldane,  Kiess,  and  McAdie  These  deposits  fre tins  "u8  (3?°  km  d'a  ) ncar  thc 

basin.  Within  the  basin,  the  dark  mantle  materu  Lk  Hir  .h  aSSOC!ated  w,,h  thc  ma^  fill  of  the  Smythii 
McAdie  at  T N,  93=  E),  while  it  ove Hies ; mare  J V ?***  “ S°me  p,aCes  ^ wcst  rim  <>f  ' 

at  0,  8.T  E).  It  thus  appears  that  eruption  of  mare  basalt Wit^h  a.volcan,c  vent  north  of  Haldane 
of  dark  mantling  material;  such  a relation  is  similar  to  rhl.  Hf  Smythn  bas,n  was  accompanied  by  eruptions 
mantle  pyroclastic,  are  of  similar  age  (and  17  **  ^ dark 

enuer  STo?Co^?n?canIgeC  “d  ^ **  E;  55  km  dia->  is  a 

shaped  craters  and  fractures  on  the  floor  of  Tarumius  ThT  ’^0,  ‘S  assoc,atcd  with  irregularly 

deposits  [13]  that  occur  within  crater  floors  elseXre  nn  ^ MP°S  VT  '°  localized  dark  mantlc 
vulcanian  eruptions  [13]  associated  with  the  infer.-  r h M?°n’  whlch  are  probably  deposits  from 

fracturing  [12).  TarL.ius  dark  mlTh  Hf  n f magma  bcneath  the  crater  floor,  floor  uplift,  and 

portions  of  thc  crater  floor  All  of  these  vole*  S ^ **  S°  associated  w‘th  minor  mare  basalt  flooding  of 
which  appears  to  be  abc^the  samJagc^ **  ofthe  — Tarumius, 

! hh™  T**  “ of  these 

manllc  (Figure  1).  Thc  Smythii  marc  basallsVpoim  ' M^e  Sm^hh-'  S,r“'gra,>l,k  rdation  >“  lhc  ^ 
Moon;  an  estimate  based  on  known  ages  of  the  Apollo  mare  g'l  ^ ^ ,are  amon8  the  youngest  on  the 

(850  Ma  and  100  Ma,  respectively  [ISh  suggest  an  mar<T  Sltcs,  and  ,nfcrrcd  ages  of  Copernicus  and  Tycho 
Smythii.  Because  the'  dark  man, 7c  'im.sLTthe  Sm^hJ 7,,°“'  ^ ' °3  Ga  f"  ba»"s  »f  Marc  ? 
similar  age  for  [he  dark  manllc  is  infrared  i e alarm  7 S r ! I wirh  thc  basalls,  a 

and  inferred  absolute  age  of  Tarumius  suggest’ that  it  7,,  77, 1, 77“  ha"  G“  .Slmilar,y.  ">»  crate,  density 

£ ^ r 

uni,  on  the  Moon,  possibly  younger  than  the  ^ 

volcanism  on  the  Moon  cxhibitc^theta^c^tyles  of  eruplk)^’  C.Xlstcncc  indicatcs  that  very  late 
volcanism.  Both  of  thc  two  major  types  of  occurrence  determ^nedT1*^ ^cement  of  earlier  epochs  of  mare 
Moon  [13]  are  displayed  by  these  tw^pyrocSic  deposUs  CXp'°S,VC  V°lcan,c  dePosi^  the 
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, w _ . r p /iQ7i'\  l isr.s  MaD  1-703.  [21  Mutch  TA  (1970)  Geology 
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OF  IGNIMBRms 

fexs* Tem^  kz  s™ 

deposits  on  Mars  and  other'planeta^surfare  as  a"alo8ues  for  potential  ash 

Formation  in  Bolivia  is  being  undertaken  to  determine  y’  a ^e^note  sensing  study  of  the  Frailes 
identification  and  analysis  offarge  ign^mbrite  shee™  A S™  °ivC  ^ SpeuCtral  criteria  for  the 
utility  of  LANDSAT  Thematic  Mapper  (TM)  data  in  mSf7  ?bjectlve  1S  the  assessment  of  the 
interpretations  regarding  the  eruotionanH  nmni  m maPPing  volcanic  matenals  in  order  to  make 
, The  FrailesgFomf don  W? leadi"S  10  their  formation. 

km  in  diameter,  is  located  along  the  western  margin  of  P!-^eau  Sreater  than  100 

southern  Bolivia.  The  Frailes  Formation  k the  Eastern  Cordillera  of  the  Andes  in 

resides  in  the  central  volcanic  zone  of  the  Andes hT”i“i,in  the  WOrld  and 
the  Frailes  Formation  cover  ~8,500  km2  and  werp  »r.inJ’  ' The  ash-flow  sheets  comprising 
These  silicic  tuffs  display  various  degSs  ofwdLS  “ late  M,OCene  time  t5'8  Ma)  [2-4] 
and  reaching  a maximum  of  ~1  km  The  Frailes  FormatmnXP°S^eSnVfra^n®  m *n  thickness 
and  carbonates  of  the  Eastern  Cordillera  which  wer/nn  °verlies  Paleozoic  shales,  sandstones, 
response  ,o  subduction along  dU™8  ,he  Ce"°“ic  in 

reconnaissance1  remote  Sensing  'anddgVMl!emt:TiaaPini8  by  the1^ervicio  Geologico  De  Bolivia, 

published  in  1962  consider  Te ™"re  ign^br^  n atean  af a ' ^ ,:100'000  «eolo8ic 
small  occurrences  of  silicic  lavas  Thegmaioritv  of fhP  ? ? • , g e unit  consisting  of  ash  with 
development  of  the  Eastern  Cordillera  and  Je  SiL/n*  features  are  associated  with  the 

Frailes  Formation  commonly  coS  1 *°  ® ^ SE  «"d-  TTte  tuffs  of  the 

from  dacite  to  rhyolite  [5]  These  ash  flow  sh,«.  d 69  wt  f Sl°2  and  ran8e  in  composition 
biotite,  quartz,  and  two  feldspars  in  containi"8  Phenocrysts  of 

track  dating,  age  relationships  between  the  Frailes  Fr^.'  a BaSed  uPon  K-Arand  fission 
and  the  evolution  of  volcanism  within  parts  of  the  plateau  hive ^tendeSn^ra  t3"1'  “'P™'5 

qua«:fL^rS52^lwfYMM5&  DTy^rsak  °f  «"«  LANDSAT  TM 
analysis  of  the  Frailes  Forma, ton!  ^ spaital  ri£iu,^„  ofs671,340^0  has  kerned  for 
the  TM  data  allow  mapping  of  the  units  and  identified8'5  ,and  sPectral  variations  of 

piatemi.  Interpretations  are  supported  by  reconnaissance  f^ld^f  PbwU1?lts  Wlthin  the  iguimbrite 
)vl.t|11|hie  Frailes  Formation  are  easily  distinguished  from  ^Yolcamc  mateiials  associated 

foW  belts  of  the  Andes  and  on  the  surface  of  the  Altinlan!^ ^<?u'?oundlng  sedimentary  rocks  in  the 
Cordillera  can  also  be  delineated.  In  addition  efdive  'vnl^™6"1^  se?uences  in  the  Eastern 
Fraules  Fomiation  can  be  distinguished  from  the  ash  denmirc  ^a[fnals  associated  with  the 

surfaces  of  the  Frailes  Formation  are  of  the  partially  wffdcd  d °f  the  exP°sed  horizontal  rock 

(thf,uPPKer  non- welded  zone  presumably  has  been^triDD^fnm^ lumnar-jointed  interior  of  the  tuffs 
welded  base  of  the  flows  are  exposed  rh/v  pan  stPPP,ed  °£P-  In  several  areas  where  the  non- 
of  partially- welded  ash.  ^ Cy  Ca"  eaSlly  56  ldentlfled  a"d  differentiated  from  outcrops 

examination™Mm°agPeTandfield^  other  eruptive  centers  is  based  upon 

flow  matenals  can  be  identified.  To  the  north  in  thn  F™,? ^pPtlve  9enters  and  their  associated 
regions,  which  appear  spectrally  different  than  thp  main  ai  e/  Formation  are  two  quasi-circular 
well-developed  glacial  deposit  These^  ~s* T - 1°  PlTau  due  to  th^  Presence  of  a 

Chokkota)  are  apparently  ofder,  self-contained  emnTve  centPr^vif^  CeiT°  C°ndor  Nasa/Ce rro 
representing  post-Frailes  eruptions  at  the  tocationson^fmhrif  W,th  extrusions  at  their  summits 
plateau  consists  of  2 overlapping  ash  shiHHQ T;?h  f lgnimbnte  source  vents.  The  main  part  of  the 
of  lava  with  a prominent  suB  ^ Cen?  Vil,aC°"°’  a cone 

complex.  A fifth  and  the  youngest  eruptive  center  is  thp  l^  ^’  aJar^’  hlgh-standing  dome 
large  rhyoliie  domes  and  telaied  ash  deposits  a,  the 
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on  “e HSu  uX  ™ data  are  generally  In  agreement  with  previous  remote  sensmg  [6]  and 
geochemical  [4]  studies.  .. 

post-depositional  modification.  The  observe  morphologic  P«>P<mes  »« ys™‘'ar  to those : raoi  ^ 

^3SlSS3S^S^l 

EISlHiS 

cliff  forming  exposures  whereas  the  nonwelded  bases  are  slope-forming  units,  5)  nonwelded  as 
vanes  ^thfckness  wi^ th  distance  from  its  source  and  may  mask  the  underlying  topography  by 
fiD&  “alleys  a"„d  ponding  in  depressions,  Welded  ash 

mimics  or  subdues  the  terrain  on  which  it  is  emplaced;  and  6)  partially  welded  zones  ot  asn*£r; 
rtT—toteathering  than  nonwelded  rones,  allowing  etostonal  outliers  of  tgntmbme 

with  welded  caps  to  be  preserved.  , 

Snprtral  Properties  of  Ignimbrites.  The  spectral  variations  in  TM  images  can  e use  o 
identify  and  map  volcanic  deposits  and  allow  discrimination  of  unjts  ^ 

Formation  Interpretations  of  the  TM  data  are  supported  by  visible  and  near-infrared  laooratory 
reflectance  s2 of  samples  collected  in  the  field.  Bidirectional  reflectance  meaurements  made 
relarivTS  hE have  bin  acquired  from  the  RELAB  (Reflectance  Expenment  Laboratory  at 

Brown  University  for  fresh  and  weathered  surfaces  of  the  following  volcanic  an^aitered ' ash 
the  Frailes  region:  dacite  lava,  altered  dacite  lava,  welded  ash,  nonwelded  ash  ai^  altered  ash. 
Spectra  of  windblown  ash,  lichen,  and  Cretaceous  redbed  sequences  have  also  bean obtwr id. 

wdded^shar^simd^exldb^  t°4  pm  Old  band^L^tun  H band^TTlpni 

non-welded  ash  as  seen  in  the  spectra,  is  attributed  to  a decrease  in  the  effective  particle  size  All 

of  the  spectra  of  the  Frailes  ash  can  be  distinguished  from  spectra  oHavas  f°un^2?C whereas 

Dacite  spectra  exhibit  a band  near  0.9  pm  due  to  crystal  fielj  3f  Altered  dacite  is  bright 
hvHrnthermallv-altered  dacite  spectra  exhibit  a 0.85  pm  band  due  to  FeJ+.  Altered  dacite  is  ongni, 

and  its  spectrum  contains  prominent  OH  and  H2O  absorptions.  Dark,  non-altered  dacite  spectra 
exhibit  a\veak  H?0  feature  at  1.9  um.  Spectra  of  hydrothermally-altered  ash  are  very  different 
from  spectra  of  non-altered  ash.  They  are  dominated  by  water  and  hydroxyl  absorptions ; a t T4,  at 
1 9 and  bevond  2 0 um  and  are  significantly  brighter  than  non-altered  ash  beyond  ~0.7  pm  In 
IddWom  aw«k Fe^'  band  at  O.slpm  is  present,  Specma  of  ^beds  are  very  smtdar to  of 
the  altered  ash  (and  to  the  altered  dacite),  and  this  similarity  is  evident  in  TM  data  The  specuu 
lichen  contains  strong  OH  and  H20  absorptions  but  can  be  distu nguwhec 
materials  by  its  higher  reflectance  between  0.7  and  1 . 1 pm  and  the  absence  of  a 
Fffects  of  Weathering  on  the  Spectral  Signature.  It  is  most  appropriate  to  compare 
laboratory  spectra  of  weathered  materials  to  TM  data;  however,  fresh  exposures  may  exist  and  it  is 
important  to  understand  if  and  in  what  manner  weathering  alters  the  spectral  characteristics  of 
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s^?ficai^ffects^o^eflSeam^<s^:^an^ri^^t^k  (™.m  weathering  may  have 

decrease  the  reflectance  at  visible  wavdenmh?  Kna  ? dtlava  the  effect  of  weathering  is  to 

also  slightly  reduced  in  spectra  of  weathered  samnfrt  Fn/rf6  Sfen^th  of  absorption  features  is 
spectra  is  also  decreased.  Ced  samples.  For  dacite  the  overall  brightness  of  the 

Thematic  Mapper  Band  Ratioine  The  1 d a nA  s /ki 

utilizes  bands  of  high  individual  variance  in  the  vicihle  ue’ . ^een-  red)  band  combination 
infrared  regions  to  produce  cotor  3nd  short' wavelength 

morphologic  and  spectral  information  SBy  using  band  rafins ?£  f»f?te!Preiatl0nS  to  be  made  from 
and  the  spectral  characteristics  are  emoLsized  T«S  H effects  of  topography  are  reduced 
effectively  illustrate  spectral  differences  for  the  Frailec  wblcb  band  ratl°  images  most 

the  TM  data  have  been  generated  from  the  laboratory  mMcmia  i°n’  SIX-point  spectra  equivalent  to 
with  the  TM  band  filters.  Band  6 the  lower  raolSn c°nu°lving  th«  lab  spectra 
possible  bard  ratios  have  been  Si"  taen  USed  A" 

ratio  does  not  se^arate^einheredand  freshdCTiosit’sWh'Ch  haSM  l\'ehcr  refleclance  in  band  7.  This 
7/3,  7/2  7/1  5/4  5 n of  h deposUs  or  non  welded  and  welded  ash.  The  ratios  7/4 

do  show  a progression  in  brightness  from  w^aThere^mVreTr6"?5  3Sh  3nd  lava  bu* 

samples.  Weathered,  welded  afh  spectra  have  thl low^t  Za  *h  d ^eded  t0  nonwelded  ash 
nonwelded  ash,  windblown  ash  and  fresh  welded  ash  am  ?c  ance^  Reflectances  of  weathered, 
ash  are  the  brightest.  Bands  ^ SU?aces  of nonwelded 

in  reflectance  among  the  ash  spectra  Lavas  and  lirhpn  e a,t,ed’  but  ratl°s  show  the  progression 
relative  to  ash.  The  4/1  ratio  shows  the  Prea^s  ^ncmlly  have  a high  reflectance  in  band  4 
bands.  Ratios  of  bands™.  betfw,een  the  various  fields  for  these 

between  the  rock  types  represented.  particularly  useful  in  distinguishing  differences 

welded,  nonweld^^nd^kered^h^^hile^ncrea^  ,helhren“'“«  i"  bands  1 - 5 for  dacite  and 
The  reduction  in  reflectance  can  be  attributed  to  an  inrrtas6  reflecta"ce.in  bands  1 - 7 for  redbeds. 
dark  coating  and  possible  absotptionTdue  to  Ft™  S edK  ”/?  the  formation  of  a 
weathering,  break  down  thus  increasing  thdr  reflectance  3 ,fhJbIc  d^osit  which’  upo" 

to  reduce  the  reflectance  in  bands  1 2 3 and  4 u/hirh  ’ spe<:ffaI  effect  of  welding  on  ash  is 
s ze.  Hydrothermal  alteration  of  Lite ^ generally^ ^ncrea^es  thTn^  t0  3 decrease  in  partic1^ 
alteration  of  ash  increases  reflectance  in  binds  4 5 and  7 T^  ref!ec*ance  *n  bands  1 - 5,  and 
mafic  materials,  replacement  by  brighter  Fe3+  oxides  and  fn>m  the  removal  of  dark, 

A color  ratio  image  for  the  Cemo Villacoho ^ 3 decrease  in  particle  size- 
4/1,  band  5,  and  the  ratio  of  bands  7/5  (blue  gre?n  and  USlng  the  ratio  of  bands 

suggested  in  band  ratio  scatter  plots.  In  this ’cSIr  r’a *?. ,llustrate  spectral  differences 
distinguished  from  sedimentary  deposits  on  the  Altinlanr^ivP  the  /f^brite  plateau  is  easily 
orange  patch  southwest  of  SroTlE? ^ Aho^  A ^s  mfla?  ^°n ‘Welded  3sh  is  visible  as  a 
riverbeds  extending  west  from  the  Frailes  Forma^ion  indCC  It  apparent  alonS  many  of  *e 
from  the  ignimbrite  The  ratio  imagj 8 that.these  materials  are  derived 
and  5 color  image.  Dacites  at  Cem^Tihua  Alto  are  re*nn  ^ m°re  dls,tlnctly  than  in  a band  1,  4, 
color  is  evident  for  the  deposits  at  the  summit  of  Cerro  VinaS^'V5  bI?ghl  blue  areas  A bluish 
volcanics.  The  existence  of  dacite  iavasTalso  sT^esTed  on  h.a"d  “ ,he  nonheast  in  P^Mes 
the  northwest  of  Cerro  Villacollo  The  brown  lfd  ° thf.  westem  margin  of  the  plateau  to 
welded  Frailes  ash.  The  spectral  variations  nhcl^  * 5 sVrroand^ng  the  dacites  are  exposures  of 

mapping  the  Frailes  Formatfon  and  are  especially  uCm  f thlS  b3nd  r3ti°  combination  assist  in 
by  the  7/5  band  ratio  scatter  plot.  ^ ^ u for  separating  ash  from  lava  as  indicated 

niZTrn  ElemK  mlibSTi’  sch"  WdileyA&  Sons’  Great  Britain’ 

Geotherm.  Res.,  77,293-315.  [7]  Francis,  P.W.  et  al.,  1978,' 74^*  M‘CW-’  1981 'y-  VolcanoL 
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Mapping  of  textural  variations  in  the  Bishop  Tuff  related  to  welding  and  vapor-phase 

ESSStti  Department  of  Geology,  Arizona  State  Untver- 
siiyy  T empe,  AZ  8528/ -1404 

The  Bishop  Tuff  is  a Pleistocene  (0.74  Ma)  ignimbri^^^ 
extending  radially  up  to  50  km  from  the  nm  of  Long  Valley  Caldera  lnejfi ™ ^alitor 
ilia  Erosion  has  stripped  the  non-welded  upper  ash  from  many  parts  of  the  sheet 
eS  at  the  surfaTe  the  interior,  which  fi  t undergone  various ; degrees  of  we  dtng 
and  secondary  crystallization.  A few  canyons  have  cut  deep  (up  to  150  m)  gorge, 

the  upper  surfac/is  relatively  flat.  In  ower  elevations  1 200  rn 

to  1,700  m)  there  is  only  sparse  vegetative  cover  of  sage  and  rabhit  bush  g 

elevations  there  is  a pinyon,  juniper,  and  ponderosa  forest  f pft  AR 

Visible  to  near-infrared  reflectance,  spectral  data 

facility  on  samples  from  all  of  the  s gmftcant  textural 5e  ^,h  fcmm“lL  matrix 
samples  with  a vitric  matrix  are  easilj -distinguished  fron .those  with  a crvstalhne^matr^ 

by  the  presence  of  water  absorption  bands  at  1.4, 1.9,  and  22  u . Cnu\d  be 

dprreased  with  the  degree  of  welding.  Oxidation  or  reduction  of  the  tuff  could  be 
Measured  ^ the  reflectance  slope  ne8ar  0.7  urn.  A steep  slope  is  in^atiye  of  the  feme 
iron  absorption  band,  and  the  slope  decreases  as  more  iron  is  redu  • SDectral 

the  samples  provide  an  excellent  basis  for  interpretation  of  remotely  obtained  spectra 

da‘a'  Spectral  reflectance  data  recorded  by  the  Landsal  TM  Iik=™s^ 
tural  changes  caused  by  welding  and  secondaiy  crystaHization  Wata  »^^efnl 
where  the  vegetation  was  sparse  at  low  elevations,  and  over  400  km  were  RP  ’ 
the  signal  from  the  tuff  was  strongly  masked  in  the  pine  forest  °f  hl8^r  e^  on_ 

Several  facies  of  the  tuff  were  recognized  and  mapped  on  processed  images.  ( ) 

welded  vitric  tuff  (2)  vitric  partly-welded  tuff,  (3)  partly-welded  tuff  with  a crystalhn 
matrix  (4)  moderately  crystalline  vapor-phase  tufh  (5)  strongly  welded  vapor-phase 
Sff  C6) vipm-phase  tuff  with  oxidized  iron,  and  (7)  fumarol.c  mounds  (Sheridan 
1970).  In  addition,  three  different  types  of  alluvial  deposits  were  recognize  , 

related  with  different  lithological  source  areas.  m.hlUhed  eeoloeic 

The  map  made  from  TM  data  compared  favorably  with  the  Pushed  geologic 

map  of  the  area  (Crowder  and  Sheridan,  1974)  and  actually 

more  detail.  The  TM  map  allowed  some  new  T^hv Sdiff^ent  levels 

Tuff:  (1)  individual  emplacement  lobes  could  be  h^hnguished  by  t he lr  d 

of  oxidation,  (2)  the  degree  of  vapor-phase  crystallization  ^a^rately  mapped 

to  permit  estimations  of  amount  of  hot  gas  that  permeated  throws  thefacies  of  tuff 

the  tuff,  (3)  the  depth  of  erosion  could  be  qualitatively  determine^ 

exposed  at  the  surface,  (4)  a previously  unrecognized l thin  shee‘;  £^ 

gravel  on  top  of  the  Bishop  Tuff  sheds  new  light  on  the  drainage^ 

cene  Long  Valley  Lake,  and  (5)  the  timing  of  faulting  of  the  igmmbnte  sheet  cou 

related  to  various  deposits  of  alluvial  materials  on  the  tutt  surtace. 
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Figure  I.  RELAB  reflectace  spectra  of  welded 

Tuff.  Vertical  axis  is  ref lectance  in  units  f ■ j„rrJn^p^  with  desree  of  welding  and  the 
indicate  wavelength  ofTM  bands.  ^efj’ect^n^e  ■ jhe  steep  slope  near  0. 7 

1.4  and  1.9  um  H20  and  2.2  um  0/f-  Jan^5  ^crea^  m dep^  steep  P 
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References: 

Shenfa^f  ,5im  Fumaro.ic  mounds  and  ndges  of.de  Bishop  Tuff,  California. 
Geological  Society  of  America  Bull.,  81.XM-»oK- 
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m KS.  %ULA\A  F\r  morphology 

8 ’ ueoiogy  Dept.,  Anzona  State  Univ.,  Tempe,  AZ  85287 

surface  deformation  withfo  rh^flows^UbSo^^d  j?lative  rates  of  crust  growth  and 
progression  of  common  lava  flow  features  ran  ho  f ^ , ? theoretlcal  studies  show  that  a 
the  local  flow  rate  (or  both)[l,2]  ifcS^me^ lither  the  coolin§  rate  or 
inhibits  the  radial  or  lateral  spreading  of  flows  and  t?^  rS  y hlg5’  furface  crust  growth 
bulbous  lobes  like  those  found  in Submarine ^ 

flows.  Persistence  of  these  condign* S "ft  "toey " Pah°choe 

large-scale  delta-like  constructs  such  as  those  i^n  ^ ®f  basaltic  extrusion  can  lead  to 

f3]  and  on  submarine  portions  of  Kilauea  Volcano  T41  flank  of  Mauna  Loa  Volcano 

favor  the  formation  of  surface  folds “ d leveeJ  JS f"*  rates  in  basaJls 

lower  volcanic  constructs.  For  silicic  composition^  ^J-10"8^  narrower  flows  and 
formation  of  endogenic  domes  in  which  n?w ^ lava  isTded :f?,C^nt  ,cooling  results  in  the 
substantial  fracturing  of  the  crust.  Slower  cooling  nf?d  t0  the  dome  lntenor  without 

domes  and  flows  in  which  the  crust  cracks  frequently,  allowing  ho ttaerior lavat 

ranges  of  two dhTsionle^  n “°lhe^?™sPond  to  specific 

relating  effusion  rate  to  cooling  mtt  Sr is ls/f  m0?'fied  P«let  Number 
Which  combines  ambient,  eruption  and  required  for  the  surface  to  solidify 

transitions  occur  at  discrete Values^ of ' 1*5 dlaflCatl0n  temperatures.  As  shown  in  Fig.  1 the 
distance  from  the  vent  at  which  surface  cm^t  firstTpiSrT’FVhTh  descnbes  the  dimensionless 
temperatures  or  in  very  cold  env^onments  mS'/  ]?vas  at  or  near  solidus 

contrast,  super-liquidus  flows  or  those  emplaced  in  a ho?  ^elatlvely  close  t0  the  vent.  In 
until  the  lava  has  travelled  a greater  Th/  ^ironment  will  not  develop  crust 

constructs  should  also  reflect  the§se  conditions  ™ morphology  of  larger-scale  volcanic 

sucrose  Mlut?on,Sf^^  tran^tions^  glyC°h  iS  injected  into  a cold 

(4)  s f * 

Calculations  of  comparable  parameters  ° buec?e  PiHow-like  when  4>=3. 

within  the  pillow  regime  (¥=1).  Similar  calculation??6  baSa  1 ^ yield  a point  well 

dome  also  indicate  conditions  within  the  riftine  rS?m?  °f  l?e  Mount  St-  Helens 

data  to  allow  us  to  plot  conditions  for  a large  enough* £urrently  collecting  eruption 
applicability  of  Figure  1 to  natural  terrestrial  flow?  g mber  °f  eruPtions  to  test  the 

must  (^s^ere^b'efore^th^s^re^ll^ca^^^ed  conditions 

gravity,  ambient  temperature  (Ta),  and  cooling  mechanism  rlfTvf'  n°ws.  on  olher  planets: 
under  water  on  earth  [2,4,  y.eids  a n of  8.8  x Totrof  3 6 x ^ 

calculate  these  groups  for  Verm^  k,  k s * ® ’ an(^  ^ about  5.  If  we 

d.a,  cooling  STS  hmSenSst^  rZSS8if  %£  and  assuming 

n=2.3  x 107,  ts=2.4  x 10-2  and  V nfZo^  P Y by  COnvection-  we  obtain 

basaltic  crust  is  about  two’  times  slower  on  VeheS<\halUeS  indlcate  that  solidification  of  a 
effusion  rates  and  compositions,  volcanic  cons^m  oive?"  e\rth  M°Kthat  for  comparable 
wuh  proportionally  more  stmctures  like  folds  and  levels  S 1 sh°u,d  bf. loader  and  lower 
or  nft-hke  forms.  Comparable  calculations  fo?  iu  ’ d h^u  d exhlblt  fewer  pillow-like 
sub-aerial  crus,  growthmay Z£r «„  ta  cimumsunceX8”;3'7  Md  Ta=-73»Cshow  that 
depending  on  the  heat  transfer  mechanism  assumed  for ?h  Ahfn  Wer  °n  MarS  than  on  earth> 

nows  on  Venus  and  Mars  may  look  more  like  each  other  *a„  Sh1”"  ‘aVa 
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Ongoing  laboratory  simulations  and  calculations  for  a variety  of  eruption 1 Jh°u“ 

SSL nuS^^^  lava  flows  md  volcanic 

constructs. 


REFERENCES:  [1]  Hnk  JH, 

Sdial^preadinroT viscous  gravity  currents  ^th  "“^*^^^974)  die 
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FIGURE  1.  Plot  showing  extrusion  type  and  expenmental  cond  N mber  n anda 

simulations  of  lava  effusion.  Data  expressed  in  terms  of  a r v^Sarate  the’ Afferent 

dimensionless  time  to  solidification,  ts.  Lines  representing  ?nr  te^Sal  basalt  flow 

morphologic  fields.  Large  circle  represents  calculated  values  for  terrestna 
emplaced  under  water  by  a combination  ct  rifung  and  pillow  formation. 
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Time  and  Space  Dependent  Two -Component  Thermal 
S.  Baloga , J.  Crisp,  J.  Plescia,  R.  Lopes,  Jet 
California  Institute  of  Technology, 


Model  for  Lava  Flows 
Propulsion  Laboratory 
Pasadena  CA 


terrestrf^rr^^f  the.physical  Processes  that  control  the  dimensions  of 
terrestrial  lava  flows  is  essential  for  the  development  of  models  that  can 
app  led  to  planetary  data.  The  post -emplacement  dimensions  of 

manned  H1  baaal  ^ . lava  flows  exhibit  a high  degree  of  variability  when 
mapped  and  analyzed  m detail.  Figures  1 and  2 show,  for  example  the 

fromatb°nS  °f  ^ Wid-h  3nd  Pre’existing  slope  as  a function  of  distance 
om  the  source  for  Episode  18  of  the  recent  Puu  Oo  eruption.  A detailed 

variability  in^he"!  7^  ****  f<V  °f  fl°WS  indicates  that  the 

a^Hh  ! ^ 1 h / 1 dimensions  (height  and  width)  cannot  be 

Til  £ 6V°  ti  topographic  changes  derived  from  20  m contour  maps 

ihi'd  ^ 7 7 Volcanoes  Produce  similar  results.  On  the  basis  of 

the  data  analyzed  to  date,  the  inescapable  conclusion  is  that  the 
dimensions  of  lava  flows  are  controlled  by  small  scale  topographic 
variations  (on  the  order  of  meters  or  less)  or  variability  associated  with 
critical  physical  processes,  such  as  thermal  losses.  In  this  abstract  we 
examine  one  model  related  to  the  latter  case. 

in  mod?u  ^P^ance  of  treating  space  and  time  as  independent  variables 
in  models  of  flow  emplacement  processes  has  been  discussed  theoretically 
ie-8-.  [3])  and  m field  studies  of  active  flows  [4,  5]  To  explain  the 
type  of  variability  shown  in  Figures  1 and  2 , it  is  cliar  that 
mathematical  m°dels  need  to  include  both  space  and  time,  independently, 

(e  tbeJ-ncorP°’-atlon  of  stochastic  processes  into  the  formulation 

t&j;  or  the  model. 

c.  _ W®  bave  recently  proposed  a model  that  assumes  that  cooling  by 
Stefan-Boltzmann  radiation  is  the  dominant  physical  process  controlling 
the  dimensions  of  lava  flows  [7],  This  model  considers  the  insulating 
effect  of  a cooler  crust  on  the  heat  loss  from  the  inner  core  Here  we 
present  a new  governing  equation  for  the  core  temperature  of  a lava ’flow 
This  formulation  can  be  simplified  and  used  to  estimate  eruption  rates  of 
planetary  flows  [2]  with  currently  available  data. 

ir,He„ThH  Sh77  bel°W  extends  the  two  component  thermal  model  to  two 

independent  variables,  time  and  distance  from  the  vent.  To  derive  the 

governing  equation  for  the  temperature  of  the  core  of  the  lava  flow  we 
use  a control  volume  as  shown  in  Fig.  3.  The  variables  h,  6,  and  T are  all 
considered  to  be  functions  of  x and  t.  The  heat  content  of  the  core 
includes  the  following  considerations.  First,  it  may  change  with  time  due 
to  the  flow  of  material  through  the  vertical  faces.  Second,  the  control 
volume  itself  may  diminish  with  time  as  the  location  of  the  upper 
horizontal  surface  advances  down.  Finally,  the  upper  control  surface 
permits  a radiative  heat  loss  from  a fractional  area  f.  Thus, 


P Cp  d/dt  [ (h-6)  T ] W dx 
- p Cp  u d/dx  T dx 


time  rate  of  change  of  heat  in  the  control 
volume  (e.g.,  ergs/s) 

net  flux  through  vertical  faces  with  area 
(h-5)  W of  control  volume  due  to  the  flow 
of  lava  (e.g.,  ergs/cm2  s) 
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- q 


€ a 


(2) 


- net  flux  through  the  part  of  the  upper  face 
with  area  (l-f)Wdx  that  shields  the  co  • 

^is  flux  is  due  to  the  downward  advance  of 
the  upper  control  volume  surface 

- net  heat  flux  through  upper  surface  of 
control  volume  with  area  f W d 

t.M1^r£^nfo%rcoro1iop8e^ 

temperature  o£  the  core  is  obtained 

PC  [ a/dt  , <h-.>  T , ♦ u a/dx  Kh-S)  1)1  - - (1'£>q 

I£  we  now  require  T to  he  constant  for  f-0.  i.e..  no  direct  ensure  of 
the  inner  core,  then 

„ - , Cp  T ( M/.t  + - «/»-  • 3h/3t  ' “ 3h/3X  ’ 

Substituting  Eqn  (2)  into  Eqn  (1)  an ^ ^f^^erning  equation 
that  maintains  a constant  thickness  g 

fl/flx  1 - fT  { 36/3 1 + u 3/3x  } “ ‘ Cp^  e° 

(h-6)  l 3/3t  + u 3/3x  } 

nf  ,-he  Core  requires  a supplementary 
This  equation  for  the  behavior  of  the  temperature  at  the 

boundary  condition  sue  investigated  in  detail  the  case  of  heat 
vent.  Crisp  and  Baloga  [7]  ®ler  conduction.  We  will  use  the 

transport  through  the  crusty  y^  ^ ^ atthevont^with^the 

understanding  tbit  * is  a ^scr^ 

also  be  specified  or  is  readily  solved  analytically  by 

Although  Eqn  (3)  appears  formidable, 

putting  it  in  the  form  ^ ..  nM  / p C (4) 

v A,„  , /K  nf  T f € a T * (h-6)  / p P 

( a/at  + u 3/3x  } (h-6)  3 

and  making  the  substitution 


(3) 


- (h-6)f  T 


(5) 


(7) 


thus  r;;::  * - 3/8* 

and  the  equivalent  system  of  ordinary  differential  equations 

r f-h  £\i+3£  dn  / f « ° »»* 
dt/1  - dx/u  - - P Cp  (h-6)  or,  / 

Explicit  solutions  to  this  -Cauchy  ^ 

case  of  a crustal  boundary  ^JLtic  and  random  variations  in 

solutions  to  this  system  can  embrace  ^ o£  core  exposure 

both  the  magma  “/lng  emplacement.  The  detailed  mathematical 

along  the  path  ot  tne 
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and^ ‘will Appear  SSL*' *“*  e*Plal"  d«a  “ * figures  1 

1-98  [2]  Crisp ^n^Baio^  lWO^Amithod  fS  SU5V-  Profl  Pap'  1463> 

planetary  lava  flows,  to  appear ’in  Icarus  f 3 1 ^al11”^10!  er“ption  rates  of 
Geophys.  Res.,  92:9271-9279  [4]  Guest  J E LI  1987,  J‘ 

540  [5]  Moore,  H.  , 1987  U S L«T  l'  » l ” Bul1’  Volc-  49 . 527- 
Schuss,  Z.,  1980,  Theo.’and  Appl.  StfchIstic°DiffaPE ’ 1569'1588  (61 

Baloga,  1990,  Jour.  Geophys.  Res.,  95  1255  127^  ^ f?1  CriSP  and 
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deVel°Pl"S  bounce 

radiation  directly  from  the  core  Small  ctl°?-  Large  arrows  indicate 
cooler  crust,  which  may  grow  with  time  arrows  indicate  radiation  from  the 
an  arbitrary  manner.  S lme>  °r  Wlth  distanc*  from  the  vent,  in 
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COMPOSITION-SPECIFIC  PATTERNS  OF  TEXTURAL  DISTRIBUTION 

$H  FinV£dCS.WA  AndLon,  Dept,  of  Geology,  Arizona  Stale  Univ.,  Tempe,  AZ  85287 

which  may  be  used  as  diagnostic  indicators  of  composition. 

The  crystal-rich  Mount  St.  Helens  dacite  dome  which  grew  episodicaHy  £oml980 
to  1986,  provided  an  unrivaled  oppcirtumlyao  study  t e orm  | d throughout 

silicic  lava  [21  Two  dtstr vehicles  whereas 
the  growth  of  the  dome.  Smooth  tava  has  ess  man  au  £ identified,  both  on  the 

fextures  could  also  be  distinguished  in  synthetic  aperture  radar  (S  ) g 

msstx  ~ x*  ».  occa- 

sionally  near  the  flow  front.  We  refer  to  this  as  a Type  I extrusion. 

Tf  3 finw  forms  on  a shallow  slope  of  less  than  20  degrees,  the  extruding  lava 

IS^S- 

mmSSM 

T^Ta  lobes  Whh  smooth  central  regions,  and  "wet"  Type  IIB  with  scoria  over  the  vent. 

In  contrast  to  dacites,  the  higher  viscosities  and  more 
cause  them  to  retain  volatiles  more  effectively.  As  a result,  the  upper  surfaces  o y 

meters  beneath  the  surface  [5].  As  t e h„nvant  regularly  spaced,  sub-circular 

less  and  less  dense.  When  it  becomes  sufficie  y y ’ ^ te]?s  in  diameter  may 

albedo  contrast  between  CVP  and  F , , An  car  imflcrf»<2  because  of  large 

contents.  CVP  and  FVP  may  also  be  distinguishable  on  SAR  imag  , 
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differences  in  average  vesicle  size,  and  because  the  FVP  t»nHc  . 

large  blocks.  Although  dacite  lavas  may  also  develo^diapire  of  CVT  KSaSfs^h 
intermediate  composition  flows  tend  to  have  much  smaller  contrasts  in’albedo.  ‘ UCh 

to  be  distinguished  from  each  other  rnd mom  maS'coS^  »d  **CUe,nows 

images  of  relatively  fresh  lava  Hows  from  Mars  or  Venus  High-resolution 

estimates  of  surface  slope  to  look for  so™ „f ‘ lld  "a™"1*1  together  with 
information  combined  with  a description  of  the  suite  of  C e Ia®nos,lc  patterns.  Textural 
[7]  may  provide  ^ °"  3 ^ 

98TOEm  ACndmon,J  iRfftkSSwiiR*  J H Td^fl  *“'n87:9881 ' 
domes,  IAVCEI  Proc. Volcanology  2:25-46  f31  Anderson  SW  fn  P^Vaiu°WS  anc* 

viscous  gravity  currents  with  solidifying  crusts,  J.  Fluid Mech^cs  (, 'L  press).  8 
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MAPPING  TEXTURAL  VARIATIONS  ON  SILICIC  LAVA  FLOWS  WITH 
T'lERMAL  S„«nR  Department  of  Geology,  Arizona  Stale 

{i^ty  Ternpe  BITNET:  AGJXO  @ ASUACAD 

for  using  spectroscopic  data  to  identify  silicic  lava  flows  and  domes. 

euish  compositional  variations  in  crystalline  and,  to  some  degree,  glassy  > 
fivity  is  ^eatly  reduced  in  vesicular  lavas.  Coarsely  vesicular  pumice  (CVP  makes  «p  a 
sizable  portion  of  the  surfaces  on  most  terrestrial  silicic  lava  flows  Similar  textures  on 
martian  flows  would  prevent  successful  identification  of  composition  y 

To  study  the  effect  of  vesicttlarity  on  “*™£i™gery  in 

tural  vanations  because  each  flow  consists ot  IMMO  y P obsidian.  LGM  and 

textures  including  CVP,  finely  vesicular  pumice  (FVP),  and  glassy  oosiaian. 

CG  flows  are  rhyolitic  and  MLDF  is  dacitic  in  composition. 

nimtal  numbers  from  10-15  locations  in  each  textural  type  were  collected  and  aver- 
aged for  each  flow.  These  data  are  plotted  as  six-point  TIfMS iKedDN’s^ ofthe  sbT ' TIMS 
tral  variations  due  to  textural  control.  Figure  1 is  a plot  of  averag  texture  (open 

SSSft. r both  punticeous  textures  on .all  ^ 'rdtefof  omporiX 

now*1  reveafs2 variations  in  the  siope 

between  TIMS  bands  1 and  2,  3 and  4,  and  5 and  6. 

Experimentation  with  ratio  images  indicates  ^flotsTf 

duce  images  which  accurately  " 1 ' 3 ‘di scri m tnalory  f ^ H ty  has  been  tested  on 

both  rhyolitic  and  dacitic  compositions.  • jue  consisting  of  both  textures 

distinctions  cannot  be  made  using  aerial  photographs. 

mmmwm 

compositional  variation. 
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SPECTRA  OF  SILICIC  LAVA  FLOWS 


-□ LGM  CVP 

-■ LGM  FVP 

CG  CVP 

-A CG  FVP 

MLDFCVP 

+ MLDF  FVP 


Figure  1.  Plot  of  TIMS  spectra  for  two  different  lava  textures  (CVP  = coarsely  vesicular 
pumice;  F VP  - finely  vesicular  pumice)  from  lava  flows  of  two  different  compositions: 
re* V?  r Mountain  (rhyolite);  CG  = Crater  Glass  Flow  (rhyolite);  MLDF  = 

Medicine  Lake  Dacite  Flow  (dacite).  Note  that  coarse  pumice  samples  have  consistently 
higher  emissivityvalues  than  corresponding  fine  pumice,  allowing  the  two  textures  to  be 
distinguished  on  TIMS  images. 
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CHAPTER  10 


CRATERING  PROCESSES  AND  CHRONOLOGIES 


the  CRATERING  RECORD  ON  TRITON;  R.  O.  Strom,  S.K.  Croft,  Umar  and  Planetary  Laboratory, 

Univ.  of  Arizona,  and  J.M.  Boyce,  NASA  Headquarters 

i v„nt  at  the  3 to  1 8 km  resolutions  acquired  on  the 
Impact  craters  on  Triton  are  rare  to  basins.  Fresh  impact  craters  displaying 

mapping  sequence  of  Voyager  2.  There  are  no  pealJ)  range  in  size  from  the  resolution  limits 

sharp  rims  with  bowl-shaped  mtenors,  or  9^^  diameter  from  simple  to  complex  craters  occurs  at  a 
of  the  images  (about  1 km)  up  t°  27  km.  transition  diameters  for  craters  on  other  icy  satellite 

diameter  of  about  11±2  km,  which  k consist ent  with  tr  ^ ratio  of  Triton>s  unpact  craters  (6 

when  their  surface  gravities  are  taken  into  ^ ratios  on  other  icy  satellites.  For  erample,  a 15  km 

measurements)  is  commensurate  with J *e  dcpth/ihmne stw  CTater  ^ about  0.65  km  deep.  The 

diameter  complex  crater  is  about  1.4  km  deep ^and  a 5 ^ * probably  due  to  the  low 

craters  do  not  show  recognizable  ejecta  b1^  diameter  also  do  not  show  ejecta  blankets  or  terracing  at 
resolution  of  the  images.  Lunar  craters  of  comp  This  could  be  due  to  the  high  albedo 

similar  resolutions.  The  craters  akodonotc^p^  gardening  or  radiation  darkening.  The  lack  of 

of  the  surface  and/or  darkening  of  hgh  rays  y #t  comparabIe  resolutions,  may  place  constrain  s on 

dark  ray  craters,  which  are  apparent  on  oth  cy  circular  features  up  to  about  50  km  in  diameter  in  the 

models  of  dark  ray  formation.  There  ^e  ^r^^gtaloUpe"  terrain  that  could  be  impact  craters  dating  from 
frost-covered  southern  hemisphere  and  °ea^h  jjgjf  fcatures  have  been  so  degraded  and  modified  by 

an  earlier  period  of  heavy  bombardment.  . ’ th  t morphological  signatures  .except  their  circularity, 

internal  processes,  possibly  including  viscous  relaxa^°£  . ^ters  ^ highly  uncertain  at  this  time, 

have  been  erased.  Whether  these .structures are ; “J**®*^  indicated  tysolid  outlines  in  figure  1.  Area 
The  imaged  surface  of  Triton  was  divided  ’ . 70  degrees  longitude.  Area  2 is  the  most 

1 is  the  most  heavily  cratered  region  and  S degrees  longitude^Area 

lightly  cratered  region  and  coincides  withthe  .Qn  of  the  frost  COVered  southern  hemisphere.  At  this 

^ is  lareelv  the  "cantaloupe  terrain,  and  Area  4 is  po  therefore  are  not  shown.  Because  of  the 

toe^er  on  the  "cantaloupe"  terrtnn  arc  ^^4ta^S°S'pac.  craters  are  extreme),  difftetd. 

£trp“.  ££££-  portion  o?  this  .errant  imaged  a,  a resohttion  of  about  2 hm  has  a very  ow 

crater  abundance  possibly  comparable  to  that  of  area  i.  f . 1 2,  and  4 compared  with  those 

^re  2 Ian  R plot  of  the  crater  The  oate,  density  for 

of  the  hmihighlands,  the  lunar  sarnie  that  of  the  lunar  post-mare  over  the  smne 

the  most  heavily  cratered  terrarn  (Area  1)  is  hnthyArea  2 ^d  Area  4 are  at  about  the  same  longitude  and 
diameter  range.  Although  the  statistics  are  p , covcrcd  southern  hemisphere  and  the  "lake"  re^°“ 
have  the  same  crater  density  suggestmg  t j Furthermore,  the  crater  density  o 

Sent  the  same  age.  They  have  a crater  SaTon  the  smooth  terrain  immediately  to  the 

the  Takes"  near  the  terminator  is  much  lower  (o  y ) ^ CTatered  region  on  Triton  s unaged 

east,  indicating  the  "lakes"  are  younger.  Triton  constitutes  the  leading  hemisphere  in  its  orbit 

surface,  it  is  not  necessarily  the  oldest  surface  P ^ ^ ^ velocities  than  elsewhere  on  the 

around  Neptune  and  therefore  impacts  will  from^the  apex  to  the  antapex  of  motion  as  observed, 

satellite.  The  crater  frequency  should  decreas  ^ about  50  km  of  each  other  and  nearer  the  apex 

Furthermore,  the  three  largest  craters  observed  ^ ^relatively  high  crater  density  in  Area  1 compared 
of  motion  than  most  other  craters  in tbe  ,regl0°a  leadine/trailing  asymmetry  in  the  crater  production  rate.  If  this 
to  other  areas  could  be  wholly  or  partly  duetoa  relatively  widely  separated  terrains  could 

is  the  case  then  determining  relative  ages  form  cr  _ ^ attempted  for  adjacent  terrains  at  similar 

lead  to  erroneous  results.  This  method  of • *8  % low  crater^bundances  make  this  method  very  uncertam. 

longitudes.  Even  then  the  uneven  resolutio  f7he  ieading-trailing  asymmetry  by  counting  craters  in  th 

We  attempted  a more  refmed  estate  °f  togenc^pass  similar  geologic  provmces  to 

areas  denoted  by  dashed  lines  in  figure  1.  These  annroximate  bounding  longitudes  and 

S.S  real  geologic  age  diffe, 'eucca  as 

cumulative  number  of  CTfters  /in6  km2  These  statistics  are  marginal  but  broadly  consisten  wi 

tke  ,eadmg  md 

much  heip^rn  disftibudo^  .bus  ooly  Triton's  most  heavfty  catered 
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INTINTtONAfIT  MV 


triton  cratering 

Strom,  R.G.  et  al. 


F^ure  2 shows  the  impact  crater  Le/frequencJ (S^idonlfS  the  S12e/frc(luency  distribution. 

Sa5,rt°n  Both  ^‘ributions  have  abott a SfaSu sSLTS  “ ““  V*  Triton  and  for  fesll 

2S-30  lcm.  The  density  of  the  fresh  craters  on  Miranda  VZSL  l a Upper  dia!neter  cut-off  of  about 

°n~T"ton'  distribution  for  craters  on  the  lunar  maria  alcr.  h*  °T?e*  of  magnitude  higher  than  the  craters 
to  Triton’s,  but  the  upper  diameter  cut-off  is  near  100  km  The  Ian^sM^6  ^ ^ 3 slope  “I  density  similar 
diameter,  and  Triton  is  large  enough  that  craters  laroer  than  mu®,  ““deputed  crater  on  Triton  is  27  km  in 
were  present  in  the  impactor  population.  Thus  the  lower  cut  nff  f S <JCcuf  ? sufficiently  Targe  projectiles 
Miranda  relative  to  the  MoonSIld  be  real S reflet  A%Zf  (and  “Pactor)  sizes  on  Triton  and 

On  the  Moon  this  population  must  contain  a substantial  nnmlv06^  f 6 r??Pec*lve  ™Pactor  size  distributions, 
and  Neptune.  3 substantiaJ  “umber  of  asteroids  which  are  not  present  at  Uranus 

appear  to  exhibit  leading-trai^g^^^e^ies^ ^Since  rS°°  Trit°D  ^ fresh  CTaters  on  Miranda 

symmetry  most  likely  indicates  a soiTe  population  e?e£S  to °'bU’  ^ Ie“diug/trailing 
leadmg/trailmg  asymmetry  for  Triton’s  craters  is  alsn  /./»«*<* to  “ra^an  system:  i.e.,  comets.  The  possible 
diagnostic.  This  is  because  Triton’s  orbit  is  retrograde  and  acomctary  ongin,  but  unfortunately  not 

(which  were  almost  certainly  present)  will  also  nref<»r*  »•  ii  • 6 °re  P anetocentnc  objects  in  prograde  orbits 

with  Goldreich’s  (1)  model  faTStoJ?  °D  This  5 consSent 

followed  by  circularization  of  ^ °rbit  30(1  ^ting 

record  could  be  the  result  of  sweep-up  of  the  proerLe^CLe^Sft  “ P!'?grade  or^,ts-  Therefore,  the  cratering 
orbit  and  after  resurfacing.  Thus,  even  thoi^h  rimllarities  of  Triton^S  m"  ^ <?C’darizatioa P^  Triton’s 
favor  a SmJar  con.e.ary  oH^,  for  bch,  , ptoccntfc  ori 


references 
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on  which  crater 

7"™  Wm  pononnect  Area  1 Is  the  most 
cratered  and  corresponds  to  ths  Trtton 
HC  curvo  hi  FHpre  2.  Area  2 Is  Ddrtfy  cratmrf 
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Flff*e  2.  R plot  of  the  Trtton  enter 
^z^froqKienqfcflstrftMitlonforAreal  (TrftonHC). 
Area  2 (Trtton  LC)  and  Area  4 (Triton  SH) 
complied  with  the  fresh  crater  population  on 
Miranda,  the  lunar  highlands  and  the  lunar  post- 
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IMPACT  AND  COLLISIONAL  PROCESSES  IN  THE  SOLAR  SYSTEM 

Thomas  J.  Ahrens,  Seismological  Laboratory  252-21 , California  Institute  ofTechnol  gy, 

Pasadena,  CA  91125. 

We  are  carrying  out  experimental  research  on  mechanical  and  thermodynamic  of 

shock  andTmp^cratering  and  accretionary  processes  in  solid  planets,  and  their  atmospheres 
and  satellites  Experiments  are  being  conducted  to  understand  impact  induced  melting  and 
raS£ofS  on  the  terrestrial  planets,  their  satellites  and  the icy: suites  of  the 
outer  solar  system.  Recent  theories  of  the  impact  origin  of  the  moon  and  impact 
devolatilization  of  Mercury  need  to  be  tested  with  these  data. 

We  measure  the  shock  pressure,  and  hence,  infer  corresponding  impact  veloPm®s  ®f. 
infalling  planetesimals  during  planetary  accretion  which  are  required  to  ^uceme  ug  > 

sulfides  and  oxides  which  precedes  planetary  core  formation.  We  are  studying  the  release  ot 
vSks  by  im^acT on  water-,  carbon  dioxide-,  sulfur-bearing  minerals  and  hydrocarbons  in 
the  laboratory  because  this  process  is  believed  to  underlie  the  accretion  of  p an  tary 
atmosphere^  Studies  of  noble  gas  devolatilization  are  conducted  to  constrain  theones  of 
atmospheric  evolution.  We  combine  experimental  data  on  shock  induced  melting  and 
vaporization  and  theories  of  planetary  atmospheric  growth  tounderst^^ 
interaction  of  hot  proto-planetary  surfaces  with  proto-atmospheres.  To  understand  1 p 
production  of  melt  and  vapor  from  silicates  and  formation  of  magma  oceans  on  the  eart  . 
Moonand  Venus  we  are  studying  shock  temperatures  in  the  minerals  of  planemry  crusts  and 
Ss  Wer  conducting  shock  loading  experiments  on  tocks  in  order  to  und erstand I and  be 
S to  describe  their  mechanical  response  which  gives  nse  to  the  observed  negative  Bouguer 
^vity  anomies  observed  over  impact  craters  on  dte  earth  and  moon  and  se.sm.c  velocny 
deficits  beneath  impact  and  explosion  craters. 

1)  We  have  carried  out  the  first  experimental  studies  of  the  solubility  of  Ar  in xarbon  glass 
in  order  to  both  understand  how  noble  gases  become  dissolved  in  carbonaceous  matenal  in  the 
solar  nebulae  and  to  provide  sample  material  to  conduct  impact  devolatilization  experiments. 

2)  New  gas  recovery  shock  devolatilization  experiments  were  conducted  on  serpentine, 
serpentine  enriched  in  D,  and  Murchison  carbonaceous  chondnte.  All  three  materials 
demonstrate  that  incipient  to  complete  loss  of  water  occurs  upon  subjecting  these  materials  to 

Assures  in  the  range  of  100  to  300  kbar  This  is  in 
previous  experiments  in  which  only  the  solid  phase  was  recovered  and  analyzed,  parked 
depletion  of  the  evolved  water  and  hydrogen  in  deuterium  by  as  much  as  A5D 
discovered.  We  attribute  the  preferential  partitioning  of  deuterium  into  the  solid  phase  as  a 
result  of  a kinetic  effect  in  the  reaction  of  iron  with  water  during  the  shock  devolatilizatio 
process  If  this  process  occurs  during  planetary  accretion,  it  leads  to  a new  scenario  in  w ic 
Sie  early  deuterium  depleted  atmosphere  is  lost  by  Jeans'  loss  or  by  hydr^ynamic  escape  and 
alatCT  forming  atmosphere  has  a greater  D/H  ratio.  We  propose  that  such  a scenario  ought 
have  occurred  on  Mars  and  Venus. 

3)  New  Hugoniot  equation  of  state  data  for  brucite  Mg(OH)2  to  60  GPa  demo^trate  that 
like  MgO,  this  mineral  does  not  undergo  a phase  change  over  this 
these  shock  data  when  analyzed  in  terms  of  possible  breakdown  to  MgO  2 y 
determination  of  whether  water  remains  associated  in  the  solid  state  at  high  Pressures 
planetary  mantles.  The  release  isentrope  data  for  brucite  shows  strong  evidence  for 


427 


devolatilization  upon  pressure  release  and  needs 
previous  shock  recovery  data. 


to  be  analyzed  in  detail  and  compared  to 


a Reflertimf  H W construction  of  VISAR  (Velocity  Interferometer  System  for 

Sf  ^,ch  ZlU  56  USCd  t0  0011(11101  a rigorous  program  of  study  of  the  impact 

of avliifwi  Vf!jally  no  exPenroental  data  on  the  conditions  for  impact  volatilization 
of  rocl«  are  available,  yet  the  most  recent  theories  of  the  origin  of  the  moon  and  the 
devolatilization  of  Mercury  appeal  to  this,  at  present,  poorly  understood  process. 

anH  p2.f^e  rave  oonduotfria  series  of  impact  experiments  on  blocks  of  San  Marcos  gabbro 
li^one  which  demonstrate  30  and  50%  crack-induced  reduction  in  P-wave 
velocity  due  to  900  MPa  shock  pressures.  One-dimensional  spall  experiments  to  relate 

COTd™Cedof,teS«r«kS  rcSUl“n®  VCl0Ci'y  ddid'  "nd  crack  densi‘>' are  ^ ■**”* 

We  propose  to: 

hvHrrJa  Sntinu^  our,imrial  study  Of  the  uptake  of  Ar  and  other  noble  gases  in  carbon  and 

and  y the,f  devolatilization  both  via  shock  and  via  annealing.  We  expect  to 
mineral  n°w!f  ^ases  10  silicates  and  also  study  the  devolatilization  behavior  of  other 

f^nprTtn  Pf'?1"cs.sor  Frank  Podosek  and  Dr.  Thomas  Bematowicz,  we 

pect  to  study  the  impact  devolatilization  of  noble  gases  from  primitive  meteorites. 

l)  search  for  and  analyze  the  solid  phases  (MgSiC>3,  Mg2SiC>4,  Mg3Si20s(0H)4) 

T>lIFarti^u  ey°la^,iZiatif n of  serPentine  30(1  Murchison  meteorites.  The  serpentine 
nn^h^; to  ^ em?ched  in  D/H:  We  Propose  to  also  study  the  gaseous  species  produced 
Murchison  meteorite  and  elucidate  the  chemistry  and  isotopic  variations  which 
appear  to  occur  in  the  gas  phase. 

. • .3]  coHduct  further  analysis  of  the  equation  of  state  of  brucite  and  construct  a model 
properder^^yoeajKjTf^OSentr°f>eS  ” °f  ’ the  equa,ion  of  sa,e  and  hemodynamic 

HefiriHnSlSiK  ^riments  on  the  cracking  and  hence  density  and  seismic  velocity 

, uoed  by  shock  waves  in  both  hemispherical  and  planar  geometry  in  dry  and  wet 

'yoexgect  tofamine  **  data  Prescribing  the  regions  of  velocity  deficits  beneath  such 
craters  as  the  Ries  and  Meteor  crater  and  determine  what  constraints  these  anomalies  can  place 
on  tne  impact  process.  F 

Conduct  further  experimental  impact  studies  of  rocks  and  determine  the  effects  of 
velocity  and  size  scaling  on  the  production  of  aerosol-sized  ejecta. 

References 

1.  _“d  ■ Ahrens,  T.  J„  1987,  Impact  experiments  in  low  temperature  ice,  Icarus, 

2.  Tyburczy  J.  A.  and  Ahrens,  T.  J„  1988,  Dehydration  kinetics  of  shocked  serpentine, 

^ess  ^435°442  ^ Planetary  Science  Conference,  Cambridge  Univ. 

3 SCJ?Sltt’in>presrd  AhrCnS’  T'  J"’  1988,  Shock  temPeratures  in  silica  glass,  J.  Geophys. 

4‘  TiSHi:Ai’  Krishnamurthy,  R.  V.,  Epstein,  S.,  and  Ahrens,  T.  J.,  1989,  Impact 
induced  devolatilization  and  hydrogen  isotopic  fractionation  of  serpentine:  Implications 
for  planetary  accretion,  submitted,  Earth  Planet.  Sci.  Lett.  P 

5.  Tan,  H^nd  Ahrens,  T.  J.,  1989,  Shock-induced  polymorphic  transition  in  quartz,  carbon 
and  boron  nitride,  J.  Appl.  Phys.  ’ 


428 


TMPACT  CRATERING  CALCULATIONS  , 

Thomas  J.  Ahrens,  Seismological  Laboratory  252-21,  California  Institute  of  Technology, 

Pasadena,  CA  91125. 

To  describe  and  understand  the  physics  of  impact  cratering,  both  normal  and  oblique,  on 
planetary  surfaces  composed  of  solid  silicates,  ices,  and  their  regohths,  as  well  as  impacts  into 
planetary  atmospheres  and  proto-atmospheres  and  into  the  ocean.  On  a larger  scale  we  expect 
to  constrain  impact  conditions  for  partial  and  complete  loss  of  atmospheres  as  well  as  whole 
planet,  devolatilization  melting  and/or  disruption.  This  includes  determining  energy 
partitioning,  ejecta  distributions  (with  regard  to  size,  velocity,  energy  content  and  sorting), 
and  condensation  physics  of  impact  produced  vapor  as  well  as  the  impact  production  o 
aerosols  from  the  liquid  and  solid  state. 

Accomplishments: 

1)  Developed  a computer  model  which  can  explicitly  describe  impact  onto  a self 
gravitating  exponential  planetary  atmosphere  and  the  resulting  solid  ejecta-atmosp  ere  ^ 
interaction  Calculated  impact-induced  flow  from  a large  (10  km-diameter,  20  km/sec)  bolide 
ontoan*earth-sized  plane,  with  an  exponential  amosphere.  We  have  de «nyned  te  s „„*  < Sft 
of  bolide  energy  couples  to  the  atmosphere.  This  is  close  to  the  value,  5.3%,  inferred  from 
similarity  variable  analysis  of  the  hemispherical  shock  wave  m the  air. 

2)  We  have  begun  test  calculations  using  a new  smooth  particle  hydrodynamic  code 
capable  of  studying  atmospheric  loss  and  total  planet  melting  and  disruption  upon  impact  ot 
two  like-sized  self  gravitating  planetary-sized  objects. 

3)  Determined,  via  finite-difference  calculations,  the  effect  of  planetary  crustal  strength 
and  planetary  gravity  and/or  impactor  energy  on  the  transition  between  cratering  contro  e y 
strength,  versus,  that  controlled  by  gravity.  Quantitatively  demonstrated  how  planetary 
gravity,  strength  and  crater  scale  gives  rise  to  gravity-induced  crater  rebound.  We  have  } 
demonstrated  that  the  crater  diameter  for  transition  from  simple  to  complex  craters  vanes  as  g 
for  silicate  terrestrial  planets  and  varies  from  g‘°-3  to  g'10  for  icy  satellites  depending  on  t e 
effective  viscosity  of  the  satellite. 

4)  In  analyzing  the  effect  of  impact  of  a large,  Cretaceous-Tertiary  sized-,  impactor  on 
the  earth,  we  have  examined  the  experimental  data  for  impact  induced  fine  ejecta  in  the  aeroso 
(<lHm)  range  and  find  that  only  10’5  of  the  3-20  x 1018  g of  ejecta  from  a K/T  impactor  is  in 
fines  < 1 |im.  This  is  a factor  of  102  to  103  less  than  previous  estimates  of  optically  dense 
material  lofted  into  the  stratosphere. 

We  propose  to: 

1)  Conduct  atmospheric  impact  cratering  calculations  to  determine  the  mass  of 
atmosphere  ejected  and  lost  from  a planet  (with  exponential  atmospheres)  upon  impact  ot 

different  density,  diameter,  and  velocity  bolides. 

2)  Complete  a study  of  the  effect  of  gravity,  velocity  target  strength,  and  projectile 
dimensions  on  the  depth  of  excavation  and  crater  shape  upon  impact  of  large  bolides  on 
planetary  surfaces.  The  major  effect  we  expect  to  study  is  the  scaling  appropriate Toi .high 
velocity  impacts  where  shock-induced  vaporization  accounts  for  a major  fraction  ot  the  crater 

volume. 
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• 3)  We  F°Pose  to  study  very  large  body  impacts  with  our  self-gravitating  smooth  particle 

y ynamic  code.  We  expect  to  examine  partitioning  of  energy  and  momentum  for  different 
devctotitfi zati  aCt  C equation  of  state,  as  well  as  die  degree  of  planetary  melting  and 
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ATMOSPHERIC  EFFECTS  ON  CPAJ™G  EFFICIENCY;  P.H.  Schultz.  Brown  U 

Geoloqical  Sciences,  Providence.  Rl  02912 

Introduction;  The  presence  of  an  atmosphere  can  affect  ^®r^os^|r£yoU?prlssure  (Pc) 
mass  in  projectile  masses)  through  at  least  thre®  ^°c  t|na  on  ejecta  (Pe):  and  changes  in  coupling 
Tdding  mthe  iithostatic  overburden;  dynam^ppnr®  at^on  0nh|se  three  processes  are  difficult  because 
due  to  projectile-atmosphere  interactions.  reported  the  possible  roles  o 

thev  involve  many  of  the  same  controlling  var'a^®srp„®V'73)  observed  contradictions  with  earlier 

SS&fc7?S£rS^SS5S5fSJi^^ 

processes  e"e°'S  “ Cra'e""9  " ^ , 

Experfmental  Approach:  The  impact  experiments 

Gun  a facility  uniquely  suited  for ^ exploring  the wa^mosphere) . target,  and  impactoi  variables  per 
qrowth  Different  combinations  of  environment^  ( P > tj  atmospheric  pressure  can  be 

S!  resolving  the  three  fissure  and  projectile-atmosphere  .nUjrjoton. 

S'fworkin^Sdei  of  fhe  i '"depenS^^^^^  assumed  controiHng 

montc  n|cn  ran  he  reduced  by  examining  the  ett  unkannle  (1)  who  proposed  that  static 

PhT^phehc^pressur^c'annb^des)cr!b^by^^|Tl®rh^,?.nl®^e[^ya^1^'gr  C(/™Pa|orP  impacTvelc^^yr^ 

feSa  has  ,„„e  ettac,  on  cratertn^,- 

'“"Results:  The  ellect  ot  P.  was 

and  ejecta  with  large  sizes  (coarse  sahd).  P umber)  and  low  impact  velocities  (2  km/s).  Figu 

summahz^s"^^^  r^sultran^  re^ea^lhat^mbient^tm^sphwic^presjure^on^re^uces^cr^  9 
e,,iCDCnat^chpressure  i^lec^s'can'l^express^  Hllerm^of^dimet^sionless  drag^aranieteMd/g^ 

modification  to  the  tt2  parameter  as  gravity  controlle  g ^ us-,ng  the  exponent  derived  above 

Hv>n  The  observed  cratering  efficiencies  were  corr  , (d/o)  can  be  given  for  contrasting 

anythin ^ plotted  against  (d/g).  Three  differen rt  express 

environmental  and  target  conditions.  F.rst .the ^small  ejecta  size  (a^  tha?  varies  inversely 

(50-100  cm/s)  at  late  stages  for  a pum  Q shown  that  the  resulting  expression  i for  (d/g) 

proportional  to  the  Reynolds  number.  Re ' ,^fs  the  viscosity  of  the  ambient  atmosphere  th  s a|so  can 

E4x|?rM^ 

Nations  (5  6).  Second,  conditions  leading  to  a narrow  rangeo  t where  p is  the  ambient  at- 
cient-  hence  (d/g)  can  be  shown  t0  vary  with  pF Tv  Q \ Should  result  in  (d/g)  varying  as 

mosoheric  density.  And  third,  targets  with  different  size  eie™  2 illustrates  this  third  approach. 

tiRv/a^  if  the  drag  coefficient  is  a^fectscratering  efficiency  with  the  same  exponent,  a.  as  g 

All  three  approaches  indicated  that  drag  anecis  ^ , _ . D 

in  the  tto  parameter  for  vacuum  conditions.  craterinq  efficiency  corrected  for  Po  an  e 

The  data  were  tested  for  consistency  by  valid9 and  if  no  other  processes  were  in- 

aaainst  the  Reynolds  number.  If  the  approach  t . coefficient,  and  the  data  should  show  n 

volved,  then  the  ordinate  becomes  '^s^epVJldent  on  atmospheric  composition,  however,  did 

S.S^^pS'RS? ( 1 ) ifiese 

tor  relevanl  soalmg  parameters  as 
pOSSSigh!|raeme0ph0ofogra^^  5bfr^ 

(xe^and^mbien^pressu^^KOsS1  bar thePwake  is  inje^e^^  created 

nroiectile  and  adds  a backpressure  (Figure  3).  9 . expression  for  this  backpressure  as 

S-1  “!  S'^XK^M^VSe^S^ctt^eats  tor  tbe  gas.  Tbts  baobpres- 
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sure  augments  cratering  efficiency  with  a power-law  exponent  identical  to  but  opposite  in  sign,  to 
ambient  pressure  effects.  Hence,  collision  by  the  projectile  wake  can  be  viewed  as  a process 
decoupled  from  the  projectile.  The  observed  offsetting  effects  of  backpressure  and  ambient  pres- 
may  provl°e  an  explanation  for  previous  studies  (1 ) indicating  minimal  ambient  pressure  effects 
With  increasing  mach  numbers  and  pressures,  however,  cratering  efficiency  once  again  decreases 
On  the  basis  of  previous  experience  with  clustered  impacts  (9).  low-density  collisions  have  little 
effect  on  cratering  efficiency  if  referenced  to  the  cluster  diameter.  Hence  the  projectile  wake  at  hiqh 
mach  numbers  and  ambient  pressures  was  assumed  to  be  coupled  to  the  projectile,  thereby  increas- 
ing the  projectile  radius.  rP . to  an  effective  radius.  re.  The  resulting  expression  was  found  to  accom- 
modate the  data  with  an  exponent  equivalent  to  -a. 

Concluding  Remarks:  The  effect  of  an  atmosphere  on  cratering  efficiency  in  particulate  targets 
at  laboratory  scales  can  be  separated  into  three  dimensionless  pressure  parameters  (ambient, 
dynamic,  and  wake  pressures)  that  can  be  expressed  formally  in  terms  of  previously  derived  scalinq 
parameters  for  gravity-controlled  crater  growth.  It  can  be  shown  that  ambient  pressure  should  not 
affect  cratering  efficiency  on  the  Earth  and  present-day  Mars  but  could  be  very  different  on  Venus 
im  of  aerodynamic  drag,  however,  could  be  important  with  (or  producing)  fine-size  ejecta 
(see  10)  Potential  projectile  wake  effects  have  been  previously  explored  for  Venus  in  terms  of  a 
strong  atmospheric  blast  (11).  From  the  experimental  results,  here,  it  is  possible  that  the  wake 
Ve°nus  °V6ra  couP||n9  at  impact  and  could  result  in  crater  shapes  and  morphologies  unique  to 

^e*®r®ilc®S:  H)  HofsapDie  K.A  (19801  tn  Proc.  Lunar  Plane:.  Set  lltn  2379-2401  Peraamon 

N Y (2 1 Schultz  P.H  ana  Gault.  D E.  11982)  Lunar  ana  Plane:  Sc>  XW.  LPI  Houslon  694-695  f3i 
7«c<Sli12-  p H [19B6t  LunBr  an0  Planer  Sc;.  XIX,  tPi  Houston.  1039-1040.  (4)  TauDer.  M E ei  ai 
33  529-536  Schult2  P.H.  and  Gault  D.E  (1979)  J.  Geopnvs  Res  04 
p n nc  fnc^ousen  K ft  e!  al  (19B3)  J Geopnvs  Res  05.  2405-2499  (7)  Schultz.  PH  and 
;;L,l;rr2lAGw/  Soc  Amer  Sp  PeDer  190  153-174.  (8)  Land  NS  and  Clarke  LV 
(1965_i  NASA  TND-2633.  (9;  Schultz,  P.H  and  Gaul!.  D.E  (1985)  J.  Geopnvs  Res  50.  3701-3732 
(1990)  Lunai  ano  Planet.  Set  XXI.  LPI  Houston  t this  volume)  (11)  Ivanov  B A 
Res  91,  (B4),  D413-430. 
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Figure  1 Eflect  of  atmospheric  pressure  of  different  densities  on 
cratering  efficiency  t m v j corrected  lor  gravity  scaling  tot 
compacted  pumice  targets  Atmospheric  pressure  (Po!  is  incor- 
porated in  a dimensionless  scaling  parameter  (Po/nv2)  incorporat- 
ing bulk  target  density.  5 and  tmpacl  velocity,  v Here  density 
has  not  been  induced  tn  order  to  separate  data  more  clearly 
Low-density  helium  atmosphere  exhibits  a clear  effeci  on  crater- 
ing efficiency  with  high-density  argon  indicating  additional 
processes 


■ - ...  . / — i i r»;  on  crater- 

ing efficiency  (ttv)  corrected  for  dimensionless  scaling 
parameters  for  gravity  ambient  pressure  (Po/SQ),  and  drag 
pressure  (d/g),  The  top  half  shows  a broad  range  of  Reynolds 
numbers  (R*),  where  the  bottom  restricts  the  range  In  R».  Back- 
pressure created  by  the  proiectile  wake  appears  to  offset  am- 
bient pressure  effects  wilh  the  same  exponent.  0 At  high 
Reynolds  numbers,  this  trend  is  reversec  oue  to  direct  coupling 
with  energy/momentum  transfer  by  the  proiectile 


Rgure  2.  Effect  of  aerodynamic  drag  on  cratering  efficiency  stt*)  corrected  for  gravity  (ttj)  and  ambient  pressure  (P/oQ)  where 
Q is  the  specific  energy  (1/2 v2)  Drag  deceleration  (d)  is  scaled  to  gravitational  acceleration  (g)  and  shown  for  targets  with 
different  particfe  sizes  The  resulting  exponent,  -a  for  drag-controlled  scaling  is  the  same  as  for  gravity-controlled  scaling 
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Cratering  on  Callisto  and  Ganymede:  a P^  & p^etary  Laboratory,  Univ.  of  Arizona,  Tucson, 
£°85™  •’  plrto  di  PlanSgla  vtle  dS’  Universita  1 1 . 00185  Bom*  >*. 

Over  the  last  several  years  we  hM Thellr^ 

Ganymede  and  Callisto,  the  giant  'cysatenjes  o JuP'te^  Th  , a diameter  range  as  possible  to 
to  improve  the  absolute  values  of  the  ^ f'^1  ^ ° pu,ftions  (and  indirectly  the  impactor 
provide  the  best  characterization  possible  th®u5 the  crater  populations  in  the  inner  solar  system, 

populations)  in  the  jovian  system  for  . differences  exist  in  crater  populations,  and  presumab  y 

These  data  are  important  in  determining  whe  system.  We  have  paid  particular  attention  to 

in  origins  of  the  impactors,  m diffem^parts  of  because  they  provide  the  largest  heavily  cratered 
the  large  diameter  craters  on  Ganymede  and  Callisto  because  y p^  Jq  search  for  apex.antapex 
surface  areas  (and  hence  the  best  statistics)  *f  tbe  ^,urces  of  the  impactor  population®. 

St?^iolsbpr"gress  reports  have ***jj|j| 1 interested  in  improving  our  smaU 

oraterSsI^^^ 

original  data  presented  in  Strom  ^L_(reh  5)  9 50  S and  60  N.  We  also  did  a new  set  o 

observed  by  Voyager  II  at  longrtude  273  * the  terminator  observed  by  Voyager 
counts  on  images  (FDS#  equator-pole  variations  (we  really  didn 

at  longitude  312  W between  25  N I and  he  pole.  We  found  q j hemjsphere  were  systematically 
expect  any),  but  the  new  crater  densities  found  along  he  v y g 60  km  |nitja||yt  wa  could 

higher  than  the  Strom  eLiL  data  by  a fa*  £ only  about  40°  apart  and  show  no 

not  find  a reason  for  the  discrepancy  The resolution  is  about  twice 
morphologic  differences  possibly  a^ibirtabl ^Jovaaer  II  images,  but  the  former  are  somewhat  smeared 
as  good  in  the  Voyager  I images  than  I .the  Voyager  liimages.  s chQsen  for  sharpness  in  each 

reducing  the  effective  resolution^  u , ’ b)e  t0  tbe  terminator  data  sets  (FDS#  16424.46 

01  °-e  voyaoer ' ima9e  (FDS# 

16425.24)  and  obtained  even  higher  densities^  about  12°  of  the  terminator  while 

Finally  we  noted  that  the  Voyager  I data  were ant aken  ’ * independently  recounted 

the  Voyager  li  data  L strips  along  the 

two  Voyager  II  images  (FDS#  20616.57  & zuo  ■ > 0 d about  26°  of  the  terminator.  The 

terminator:  1)  craters  within  12°,  and  2)  cJ’?t®rs  w®  npr  i densities  while  the  densities  including  data 
densities  near  the  terminator  matched h??0wef  Strom  etaL  densities.  We  therefore  conclude  that  the 

set  sa1 areas  ,ar  enoU9h  ,rom  ,he 

to  introduce  substantial  data  loss  du®.  ^^wCailfsto  areglven  in  Table  1 and  shown  in  Figure  1.  The 
Our  current  preferred  crater  statistics  for  C ^ to  54  |<m  2)  Voyager  I hemisphere 

data  are  compiled  from;  1)  The  cited  numbers 

&£&££%&  ^ nature  o,  the  ,n«ia,  Voyage,  I 

on  the  order  ol  20%  to  30%,  but  the because  of  some  small-scale 
characteristic  of  resurfacing.  We  chose  FD^  6 57  ^ ^ smoother)  of  the  image  that  might 

textural  differences  between  the  we  ctnnWp  has  also  suggested  some  flooding  in  the  area. 

Sor  “e'p^loth  patches  * no,  diher  In 
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apparent  to  theeye  are^robaUy relatedto  meThaVolna'^Jl’a  T,hUS  ”*  C0?dude  lhat  ,he  differences 
by  the  electa  of  large  Jpacts,  aU  ™ due  £ e^Sc  r^Sadn?^ ,hC  lma3e  and  de9radata 

^C:=S*St  r <—*  -e  tor  Rhea 
accords  with  the  visual  impression  that  both  hJti ratered  surface  in  the  solar  system  (7).  This 

diameters.  The  differential  k>g  slope  of  the  new  cuive  fs  abnnf^Vh  U|f*!ly  h6£Lvily  cratered  at  smaNer 
and  "bends  over"  to  about  -3  below  about  srfkm  nni  i eb  f1-  between  about  60  km  and  150  km 
a production  function  over  its  entire  length  This  Sew  imolfeT  Slhi the  CUrVe  '?  that  il  rePresents 
Ganymede,  which  shows  a similar  bend  over  -alhe^S  f l,h.  CUfVe  on  the  dark  terrain  on 
Callisto  (4)-  is  the  same  population  (with  the  exceDtion  nf  thJPnJi*^  peak'n9  at  *ar9er  diameters  than  on 
density.  Some  loss  of  smaller  craters  due  to  surface  fforylinn^n'r*3568^^6  ref  4^'  but  at  lower  crater 
However,  theoretical  simulations  (8)  indicate  that  Dr^nSJL?  tGanymede  ls  also  'mP'ied  (see  ref.  2). 
3 bend  over  to  form  branches  with  slopes  near  3 brinw  ^lctlo"s  Wlth  sloPes  more  negative  than  - 
More  recent  simulations  (9)  reach  similar  reunite  a^e  °^  thf  dlameter  at  which  saturation  is  reached 
R = 0.3,  just  about  the  dens y of *5  ^r3tion  densities  should  be 
large  craters  in  or  near  the  counting^ areas 03,1 sto  F^ber,  the  lack  of 

of  widespread  flooding  implies  that  the  smaller  craters  mav  level  (cf*  9)  or  ev,*dence 

interpretation:  that  the  -5  part  of  the  curve  is  the  nrS.irUnn5?  sat“rated-  Th,s  suggests  an  alternative 
density  below  about  50  km  is  indeed  a saturation  effect  This  lrrnS«  IllS.  S3*  !,he  bend-°ver  in  crater 
Callisto  have  near-saturation  density  populations  at  smaller  Hia^?r^S  Wltb  *he  ldea  that  Rhea  and  now 
craters  on  the  dark  terrain  on  GanymMe  ffla  T 33S ?*,  lhe  p,oblem  is  that  "°w  tbe 
certainly  not  saturated,  apparentfc  represents  a a density  of  about  1/6  that  of  Callisto  are 

populations  in  the  jovian  system  (an  earlier  internal  mm  ton,?'  b°Pufa[lon-  The  possibility  of  two 
4)  has  been  suggested  on  the  baifs ouZJESSr1 '%££%  S 5?  ex,e™1  P°P<^  see  ref. 
obscured  the  cratering  record  A -5  Dooulation  rnrva  io  H^nS’  ^flooding  on  Ganymede  has  partially 
solar  system,  but  is  similar  to  that  tTpectecJ  from seen  anywhere  else  in  the 
evidence  that  the  slope  of  the  cometarv  nonniptinn  i^h-  acoretion  (10).  Further,  there  is  growing 
the  jovian  system,  is  near  -3  (1 1)  Consequentlv  the  nnnni^t°U  d be 'esP°nsib,e  for  recent  impacts  in 
modified  population  of  craters  due  to  comets  while thWnnn.1T  Gany^®de  cou,d  ba  a later,  flood 

G2)nCroft,esalT  &aBN°GBgd0rtS  P'anet 

Duxbury  1988.  Crater  and  Crater  fnrminn  ^’r^  ^ f PGGP~1Qft7-  P-  404-406.  4)  Croft,  S.K.  & E D 

m,  227-228.  5)  Strom, R.G.^A.  Woronow  anT M^Gurnis"!^"^-16,*6  and  9al,‘s‘°-  Lunar  Planar  %£ 
Callisto.  J.  Geophvs.  Res  ftfi-  ftRSQ.^P7/i  R\otnr.|  P . ,.??!:  9ra^er  P°Pulations  on  Ganymede  and 
Sci.  XX.  1073-1074  7)  Strom  R G 1987  Thi?^  ' P/J'  (1989)  Vo,canism  on  Callisto.  Lunar  & Planet 

and  implications  for  the  origin  of  impacring  obje^  results  at  Uranus 

M.  Gurnis  (1982)  Interpreting  the  cratering  R G-  Stromand 

Jupiter,  p.  237-276,  Univ.  of  Arizona  Press  9)  ChaDman  CR  ^ Cal,ista  ,n  Satellites  of 

Planetary  Satellites.  In  Satellites  n doo  sen  i L„  3P™an'  C R'  and  WB  McKinnon  (1986)  Craterina  of 
Weidenshilling  and  R.  £f“™»  P/esf  '?)  Davte,  D.R.,  C.R.  Chapman.  1.3 

Hirayama  families.  Icarus  62:30-53.  1 1 1 Strom  R G S K Croft  ameir°DdS'  evJdencG  ffom  Vesta  and  the 
on  Triton.  Lunar  Planet,  Sci  XXI  p.  1218-1219.  ’’  ' ' ° °ft  3nd  J'  Boyce  (199°) The  cratering  record 
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Formation  of  Crater  Palimpsests  on  Ganymede 


Paul  J.  Thomas 

ept.  of  Physics  and  Astronomy,  University  of  Wisconsin,  Eau  Claire,  WI  54702 

Steven  W.  Squyres 

enter  for  Radiophysics  and  Space  Research,  Cornell  University,  Ithaca,  NY  14853 

Crater  palimpsests  on  Ganymede  are  circular  features  of  very  subdued  relief  that  are  aimar 
ently  vestiges  of  ancient  impact  craters.  Where  they  lie  in  dark  cralered  terrain  they  LereZZeZ 
easily  visible  by  a high  albedo  relative  to  their  surroundings.  In  the  few  cases  wher^LTmosests^ £ 

a ZZt  res\rfacfed  terfain,  no  obvious  albedo  boundary  is  present,  and  they  aifvSe  on  V 
as  subtle  topographic  forms.  Some  palimpsests  in  both  settings  are  clearly  observed  to  consist  of 

forTh;  1o°W’.d07e-1!ke  deP°sltsT  of  some  small  but  finite  thickness.  Two  models  have  been  Invested 

th  * *ng]in  of  palimpsests-  In  oue  (!)>  margin  of  the  palimpsest  is  envisioned  to  be  the  rim  of 

Both ZX  T h « “!r.0th'r  (21  the  °f  «!>«  palimpsest  is  the  limit  of  c„  uoes  Iwta 

fhe  mri  XX  d,^cult,es-  F<Vhe  first'  scveral  «"«  of  evidence  (discussed  below)  ZSto 

one  3 nco„s ider'iSS"'  /^  'T*  Wel" be>™d  th<" original  cratet  rim.  For  thTsecond 
one  must  consider  that  the  limit  of  continuous  ejecta  on  craters  elsewhere  in  the  solar  svstem  u 

lnrnelr]yafrcula?d  lrregU’ar’  WhHe  palimpsest  margins  are  very  clearly  defined,  smoothly  curved, 

We  have  re-examined  the  distribution  and  dimensions  of  all  the  palimpsests  on  Ganvmed* 
USGS1  m I6  °n.gmid  surv®y  of  Passey  and  Shoemaker  (2).  The  base  maps  used  were  the  fifteen 
dimeter  nfrg  T Ganymede’  We  ensured  four  characteristics:  palimpsest  diamete, 

rim  where  a vesZTof  itlT  ZZ  pahmp!est’  aPPare,,t  dimeter  of  the  original  crater 

I . ■ . . , ® 1 appears,  and  diameter  of  the  secondary  crater  field  We  find  linear 

v„t 7 r n SeVC,ral  °f  ,ll<!Se  P^ameters.  Where  a smooih  central  regie, Os  p ese  K 
yp, rally  has  a diameter  1/4  to  1/3  that  of  the  palimpsest.  Where  a vestige  olZS ate! 

palimpseT  XT'T’  itS  dian,et<!r  is  ab°“‘  half  that  of  the 

fm  P ' SmaIlGSt  CraterS  for  whlch  Palimpsests  are  observed  have  diameters  of  about  40 

We  have  found  three  palimpsests  that  have  sufficiently  defined  secondary  crater  fields  for  us 

o irrH  r,  d,me:rns  with  coi,fidc,,ce  ^ ^ 

to  crater  diameter  ,s  the  same  as  is  observed  for  the  rest  of  Ganymede,  we  find  n tha  2 

Z7Z  Crate;  diaJlete^  15  about  half  that  of  the  palimpsest.  This  observation  strengthens  our 
fidence  in  the  identification  of  crater  rims  well  inside  the  outer  edge  of  the  palimpsest. 

eest  th^th'1  alt.ernative  to  Jhe  tY°  hyPotheses  for  palimpsest  formation  mentioned  above  we  sug- 
gest that  the  outer  margin  of  a palimpsest  instead  represents  the  limit  of  a volcanic  deposit  trieeerexl 

a tr atg h t f o r w ar d TelnhoZ  7 history'  We  su6gest  that  palimpsest  formation  may  be 

VJ-  Tg  ,Tf  an  ?'Z  Peri°d  °f  intenSC  activity  w’thin  the  satellite. 
AccretionaJ  heating  of  Ganymede  would  have  led  to  substantial  early  warming  of  the  satellite’s 

outer  layers  Producing  a thick,  warm,  mobile  zone  overlain  by  a relatively  thinS  rigid  “lid”  The 

material  below  the  l,d  may  have  been  solid,  or  might  have  been  partially  liquid  for  Xrt  time  In 

he  case  of  solid  but  warm  ice,  the  material  would  clearly  have  been  buoyant  relative  to  the  cold  lid 

above  it.  In  he  case  of  liquid,  a small  amount  of  silicates  in  the  lid  would  be  requ red  for tiovmicv 

?mDt;smrtS  WOUld  n m ^ Penetrated  the  lid’  aad  Woald  have  produced  nZa,  crate"  Lareer 
impacts,  however,  would  have  penetrated  it,  allowing  any  buoyant,  mobile  material  to  ascend  to 
the  surface.  Grater  excavation  depths  for  40  km  crafers  are  expected  to  be  "oTn  compa  b 

7Z)ZnXeS  \ f JCk,neSS  °f  b°th.the  rnechanical  and  thermal  lithospheres  4 Gy  ago  As 

observed  ^oncentrarioi^of  ^Uckeiied’  palimPsest  formation  would  have  ceased,  consistent  with  the 
history  nCentratl°n  of  Palimpsest  formation  m the  earliest  part  of  Ganymede’s  recorded  geologic 
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Constraints  on  the  nature  of  the  extrnded  — Su'sLV 

of  their  emplacement.  We  first  consider  t e ca  underlying  mobile  material.  Foi 

driven  by  the  density  difference  between  the  l.thosptee  tutd ‘^e  “nderl^ng^  of  ~ 

s: 5^: 

We  are  able  to  determine  the  aspect  ratio  j (m«imnmhe^ht  dmde^  y « £ ^ ^ Thc 
in  only  one  case.  The  value  is  about  0.02  but  this  ; — 

smallest  values  may  be  in  the  vicinity  o • ( f Voyager  data.  A simple  model  for 

palimpsest),  but  accurate  measurements  cannot  bemd  1 ^ fhe6requirement  that  the  flow  is 

axisymmetric  spreading  of  a Newtonian  ^^[^8  would  imply  a bulk  viscosity  for 

:rrd  Jr, = «•«  * *- 10,2  Pa  - „ 

‘h0  “the  former  viscosities  are  consent  ^glacial 

extrusion  viscosities),  the  latter  values  are liquid  state.  In  this  case, 
are  as  low  as  0.005,  we  must  then  instead  to"™'  described  by  a Bingham  rheology.  Using  tins 

“r;ery  Lbtle  silicate  lava,  but  may  be 

reasonable  for  an  H20  water/ice  slush.  . of  hnovant  mobile 

We  believe  that  formation  of  crater  pahmpsests  also  readily  explains 

subsurface  materials  is  the  model  most  consis  t of  ^ satellite’s  history.  In  order  to 

the  concentration  of  palimpsest  formaUon  in  th  > P palimpsest  deposits,  an  important 

“rt %z* J -s—.  °f 

the  deposits. 
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Geological^cf^ce  ' P H'  Schultz'  Apartment  of 

sure  t^^he^ithostaffc  ovTrburden6^^  eff'c’encV  by  adding  an  ambient  pres- 

the  coupling  between  impactor  and  taroet  (A  U<e;?9 i lstlc  flow  of  eiecta  (3  4).  and  modifying 

Vertical  Gun  Range also  reveal  that  h S rp  n a . experiments  using  the  NASA-Ames 

crater  shape.  Such  changes  can  be  understood  in  ^f°mP  l[1,rodl^ces  systematic  changes  in 
sionless  scaling  relations  indicate  that  the  observed  iThn?LT°dl  IC3  '°n  i?  crater  9row,h-  and  dimen- 

carf  prod'uce'alin^^grained  SJlSXS  eo'ten  processes 

pta as  thr'  er? -d wl,h°l" ,he  oom- 

d^^h.Tab^ato^^xperipwnts^e^  ^e^and  EM" 3 'n  l*'™,  1'  aDparenl  cra,er  ^me.erand 

mmmimmmrnm 
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Po  e[he  ambient  pressure^6?^  depth-  respectively,  under  atmospheric  conditions- 

ejecta?  and  S tonal  accelem  oi  ?hl  Si  W Ve‘°CJ^  da  draS  deceleration  on 
efficiency;  a square  root  S than  Sube  root?  Ho^i  hP  3"d  “ are  der,ved  for  over-all  cratering 
diameter  not  depth  and  diameter  ° dependence  15  used  d^  to  the  effect  solely  on 

aloneASTNs?sStpoFs?ibil  becaTe  !he  ranged  SaS^fotthfdim^^  a?  3 funcKtion  of  ambient  Pressure 
in  the  laboratorv  f nr  !? e ranPe  In  va,ues  for  the  dimensionless  ambient  pressure  parameter 

drag  Figure  1 reveals  three  imnorfanTt?6  *arg®.ts/ar  exceeds  the  available  range  for  aerodynamic 
of  P/5v2  with  a power-faw  JonPsistent  wtth^R^  Se^nnd^  d,ar"ete!.  decreases  with  increasing  values 
third  systematic  offsets  ripnpnHont  on  __  ^ . cra^er  depth  is  essentiafly  constant.  And 

aerodynamic  drag  mav  be  hidden  h comP°sl,lon  indicates  that  a residual  factor  related  to 

evidence  for  draa  ran  he  ,hj£X'  £ crater  shape  is  now  corrected  for  ambient  pressure  effects,  then 
pressiorf uses  a constanf di^r!^  »9Ure(2  Includes  two  alternative  expressions  for  d/g:  the  first  ex 

per  half  Fig  2)-  the  second9?)  hmad^an°Vdr  o nat70W  range  (<15%)  of  Reynolds  numbers,  Re  (up- 
data  sets  confirm  the  nfo^et^n3  broad  fangf  In  Re  where  the  drag  coefficient  depends  on  1/Re  Both 

vacuum  condllionl  wfen  g donSS  “ dependcnoe  where  « Resents  the  exponent  derived  for 
larqeVna^^Mnfemai  fri^ti^rf^h  reSu lts  apply  only  t0  compacted  pumice.  Such  a target  exhibits  a 
ex£o^ 

provides  idrai  nm^Lnei  °n'  and  imaging)  lessen  their  usefulness  as  an  initial  test.  Mars  however 

10)  - de^th s o fc orrfn I pr?  a t » r c* a f ^igmatic  relation  between  crater  depth  and  diameter  on  Mars  (9 
s on  plains  (volcanic  combined  with  other  origins)  and  highlands.  These  dif- 
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MARTIAN  CRATER  SHAPE 

I erences  were  generally  ^u'£X«™eler  SS  aTconl.asS^ 

impact  vaporization  9).  ,7fLea  °P,^um  Syrtjs  Major  Plamtia.  lava  flows)  and  proi 3 reveals 
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IMPACT  GENERATION  OF  ORBITING  DEBRIS 
Brown  University.  Providence.  R.l  02912  and  D 
CA  95247. 
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Collisions  have  been  invoked  to  create  planetary  rings  around  solid  planets  '1.  2;  and  the 
gaseous  giants  f3)  early  in  then  history.  As  summarized  in  i4).  orbital  insertion  of  debris  from  gas 
expansion  above  a vertical  impact  requires  impactors  exceeding  10-?  Me  (for  a terrestrial  impact) 
Laboratory  experiments  (5).  however,  are  revealing  new  information  on  the  partitioning  of  energy 
and  basic  phenomena  associated  with  oblique  impacts  that  may  significantly  lessen  requisite  large 
masses  Here  we  explore  the  implications  of  these  observations  for  major  oblique  impacts  on  Mars 
unique  impact  Phenomena:  Impact  vaporization  is  observed  to  increase  with  decreasing  impact 
angles  for  volatile-rich  targets  (water,  carbonates)  with  the  vapor-cloud  energy  increasing  as 
1/2C°S  e for  impact  angles  (referenced  to  the  horizontal)  from  45°  to  15°  (5).  This  increase  is  at- 
tributed to  energy  partitioned  into  shear  heating  along  the  projectile/tarqet  interface  a process 
separate  from  jetting  created  by  converging  oblique  shocks.  Energy  partitioned  to  internal  energy  of 
the  projectile,  however,  decreases  as  sin20  as  revealed  by  decreased  fragmentation  (size  and  num- 
ber) and  increased  kinetic  energy  retained  in  ricochet  debris.  Even  impacts  into  non-volatile  solid 
T ©xbiibit  the  same  decrease  in  projectile  internal  energy  and  perhaps  an  increased 

e of  heating  by  mechanical  shear.  High  frame-photography  reveals  that  the  impact-generated 
vapor  coud  in  volatile-rich  targets  is  not  stationary,  as  in  vertical  impacts,  but  moves  downrange 
while  expanding  and  rising.  Additionally,  trajectories  of  spalled  projectile  fragments  entrained  in  this 

offo^N^ ar*e  deflected  by  gas  drag  (6).  These  observations  can  be  used  to  parameterize  the  first-order 
ettects  of  impact  angle  on  orbital  insertion  of  material. 

M°del.  From  the  laboratory  results,  we  model  the  impact-generated  vapor  as  a 

en?a  y ®xpa"din9  cloud  with  a center  of  mass  moving  downrange  at  an  angle  1/2  the  initial 
mpact  angle  and  with  a velocity  equal  to  the  ricochet  velocity,  i.e.,  vCm=  0.12vi  /tanG  for  0 > 7 50 
(0.9v,  for  9 < 7.5°) . The  maximum  energy  partitioned  to  the  vapor  cloud  is  assumed  to  be  50%  of  the 
impactor  energy,  increasing  as  cos20  down  to  7.5°  with  the  vaporized  mass  fraction  (projectile 
masses)  approximated  by  11cos20  (v,  /7.5)2  for  v,  in  km/s.  As  assumed  in  (4)  the  vapor  cloud  of 
mass  ^ expands  with  a velocity  of  (5/3  • 2Ec  /M*) 1/2  over  a time  equal  to  a radius  Rc  defined  by 

1 „ • Mv/p)  where  p is  the  density  when  gravitational  forces  begin  dominating  over  hydrodynamic 

effects  (assumed  to  be  about  0.1  g/cm3). 

The  probability  of  achieving  orbit  depends  on  the  height  (h)  achieved  by  the  cloud  above  the 
surface  when  gravitational  forces  control  expansion.  For  vertical  impacts,  conditions  leading  to  orbital 
injection  depend  on  h/RP,  where  RPis  the  radius  of  the  planet  (4).  For  oblique  impacts,  however,  this 
eight  is  controlled  by  Rc  + Hem  where  Hem  is  now  defined  as  the  height  of  the  center  of  mass  when 
gravitational  forces  begin  to  dominate  hydrodynamic  forces.  Keplerian  trajectories  of  elements  in  this 
ownrange-movng  cloud  were  then  traced  numerically  in  spherical  coordinates  with  conditions  for 
orbital  insertion  identical  to  those  assumed  in  (4). 

tnr*>B,?fCMUSe  °fJfhe  excessive  number  of  oblique  impacts  on  Mars  (7)  and  the  possible  impact  signa- 
h ® ° M'  IS,°rb  !n9  debns  on  Phobos  (8).  calculations  were  made  for  20,  50,  and  100  km  diameter 
^nn  f lding  *?ars  Wlth  velocities  at  7.5.  10.  and  15  km/s.  Figure  1 illustrates  the  effect  of  impact 
gle  on  projectile  masses  achieving  orbit  for  different  size  projectiles  at  15  km/s.  whereas  Figure  2 

effect# °VTPaCt  Ve,°City  f0r  20  km  and  100  km-diameter  impactors.  In  contrast  with  verti- 
nrhif  ’ We  ,nd  hat  relat,ve|y  small  Oblique  impacts  can  potentially  inject  significant  material  into 
woi^Jr9?31^  probablllty  of  achieving  orbit  principally  reflects  the  combination  of  the  tangential 
ci  y o elements  in  the  cloud  subtracted  from  (sharp  maximum  at  15°  in  Fig.  1)  or  added  to 
(lesser  maximum  at  30°)  the  velocity  of  the  center  of  mass. 

kl^no^0^  *mp|.'cat'ons:  Pictures  1 and  2 reveal  that  significant  quantities  of  orbiting  debris  may 
be  generated  by  oblique  basin-forming  collisions  on  Mars.  Such  collisions  are  not  hypothetical  Orcus 
Pa  era  is  an  oblong  crater  (150  km  x 450  km)  with  all  the  signatures  of  a very  low  anqle  impact  (6) 

nnn  Jn°ir°?'?  UX'  W®  Sh°Uld  6XpeCt  about  one  third  of  ,he  martian  basin-forming  impactors 
(100  500  km  to  contribute  orbiting  debris  during  the  first  0.5  billion  year  history.  The  ubiquitous 

occurrence  of  smaller  grazing  impacts  (7)  may  be  a signature  of  this  debris,  rather  than  an  incom- 


440 


ORBITING  DEBRIS 
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ORIGIN  OF  ANOMALOUS  CRATER  CHAINS  AND  THEIR  IMPLICATIONS  FOR  THE 
REC°RD:  C * 1“'n-  P H SChUltt  <BroW"  UmV)-  a"‘l  D E G»«l, ‘m^  Cenl  for 

Backrrminrt;  Crater  chains,  or  catenae,  are  present  on  most  planetary  bodies.  Although  many  can  be 
associated  with  large  craters  or  basins,  a number  of  large  chains  on  Callisto  have  not  been  correlated  with  anv 
own  basin  (1).  Recent  laboratory  studies  (2,3)  reveal  that  it  is  possible  for  large,  nearly  equal-size  fragments  of  a 
projectile  to  survive  collisions  at  low  impact  angles.  Consequently,  anomalously  large  crater  chains  on  the 
Moon,  Mercury,  Ganymede  and  Callisto  were  examined  to  determine  plausible  modes  of  origin  including 
secondary'  ejecta  from  basins  and  re-impacts  by  projectile  ricochet. 

Observations,  Because  of  the  wide  range  of  resolution  for  different  planets,  we  restricted  our  study  to  chains 
of  five  or  more  members  which  were  contiguous  or  closely  spaced  with  the  largest  member  crater  >20  km  in 
diameter.  On  Callisto  seven  chains  met  the  selection  criteria  (table  1).  They  varied  in  length  from  150  to  1 150 
£h  thC  member  crater  typically  exceeded  the  smallest  by  a factor  of  -2;  the  one  exception 

n 4 WlUl  mcnJber  teeters  ranging  from  10  to  40  km.  Individual  crater  widths  of  Gipul  Catena 
y “lcrease  along  the  chain  (north  to  south)  from  28  km  to  74  km  near  the  middle  of  the  chain,  but 
deCTeaSe  t0f  2W5  km  a ? the  south  end-  Three  of  chains  had  bright  rays  associated  with  them.  On 
. p,lsence  °f  the  nearly  ubiquitous  grooves  and  furrows  made  location  and  identification  of  crater 
__  rltrT?  To  av°td  ambiguity,  all  chains  following  local  groove/ridge  sets  were  excluded.  Only  one  chain 
, ,was  lound  thal  ^lts  our  criteria  (4).  This  100  km  long  chain  had  a ratio  of  widths  of  only  ~1  5 

Sr Z Z1 “*“5  rangU,£  35'50 1011  in  width  (table  1).  This  chain  also  had  bright  rays  extending  50- 
100  km  beyond  the  crater  rims.  The  circular  central  pits  and  ejecta  distribution  at  either  end  indicate  a more 
vertical  impact. 

M°°n  nor  Mercury  had  any  chains  that  could  meet  our  selection  criteria.  All  other  large  chains 
20  ^ a?I?ss,could  10  a basin  or  3 large  crater.  In  addition  to  anomalous  chain  craters,  we 

easured  the  sizes  of  the  largest  secondaries  in  crater  chains  associated  with  large  basins  for  each  of  the  four 

fTr°T  10  km  on  Ganymede  to  25  km  cm  the  Moon.  The  width  ratios  for  these 
chains  ranged  from  -2  to  >4  on  all  of  die  bodies,  but  the  crater  widths  varied  randomly  along  the  chain  length. 

inn1,P«hfUmmary’  °,nly  ?e  lcy  satedites  had  chains  meeting  our  criteria.  Callisto  had  both  the  widest  and 
hJZ°f  an!examp;es-  companson  Wlth  strings  of  secondary  craters,  anomalous  chains  had  larger  members, 

largest  tw^memb^  mterf  311(1  typicaUy  Ionger-  In  Fi&ure  1 have  plotted  the  diameters  of  the 

)5f  ‘ ° member  waters  and  largest  secondary  crater  against  the  diameter  of  the  largest  basin  on  each  planet. 

hodi^h^f  CTaUa  Ch3inS  °n  CfUlst0  211(1  Ganymede  plot  well  above  the  secondary  craters  of  any  of  the 

^ 15  P 0tled  against  *dr  parent  basul  diameter  increase  with  increasing  basin  size. 
Discussion.  We  considered  four  possible  origins  for  the  anomalous  crater  chains:  a)  secondary  ejecta  from 

^ fragmented  bodies  caused  by  tidal  disruption  (5);  c)  ricochet  fragments  which  re-impacted  the 
surface  on  a given  satellite;  or  d)  ricochet  fragments  from  another  planetary  body. 

secnnda™  C!^S  0n  CaUist0  31,(1  Ganymede  are  secondaries,  they  should  resemble  other 

widths^with  the  1ar^ndaiy  w3?115  ^ 10  2 ^or  large  crater)  and  exhibit  a large  variation  in  crater 

above  the  Dositinn  ^ 5I°  °f  ^ b2S,n  diainefer-  1,1  1.  *e  anomalous  chains  plot  well 

with  oreservatinn  watP^Tf  r .se^danes’ 21,(1  of  stereonets  failed  to  reveal  probable  primary  basins  consistent 
secnndwP^.h  o If  ?’PU  Catena  were  a ^ndary  chain  following  die  trend  from  well-established 
secondaries  in  this  figure,  then  its  parent  basin  would  had  exceeded  the  diameter  of  the  planet. 

with  mSSlS  ofdie.chain:fonT1jng  fragments  by  tidal  disruption  would  probably  provide  roughly  equant  sizes 

be  too  small  unlePTih^  ,spersion'  Howeve-ri lhe  spacing  achieved  prior  to  impact  for  non-oibiting  objects  would 
todTm^^t  dtsrupnon  were  violent  Tidal  disruption  by  a near-miss  of  another  large  nearby  planetary 
• y ght  ^.n^ssary-  This  is  consistent  with  the  occurrence  of  chains  on  Callisto  and  Ganymede  but  is 
mconsistentwththe  lunar  record  unless  the  chains  were  lost  (or  represented)  in  later  basin-forming  events. 

■ . possibility  of  re-impacting  ncochet  might  account  for  the  largest  chains  on  Callisto.  Low-angle 

lm^n^SnPS^IfThp  n ^ parentS  due  10  spallation,  and  the  fragments  can  dispere  in  a 

oniv  had  tn  haw  tw.  iPdP"  C^tCr  Gipul  were  creatfid  by  ncochet  fragment,  its  parent  projectile  would 

mnrhf*1 10  ^ C 55  m diameter  based  on  direct  extrapolation  of  experimental  results  More  likely  a 

assumefthat  SSm,  “f62*?  fadure  expected  at  larger  scales.  In  addition,  we  would  have  to 

analogous  ncochet  debris  from  the  Moon  and  Mercury  was  lost  since  no  record  was  found. 

fr°m  Bechet  from  another  body  is  plausible  provided  that  the  body  is  nearby  (to  maintain  the  close 
spacing  of  fragments),  that  the  impact  angle  was  sufficiently  small  (to  reduce  shock  disruption),  and  that  its 
impact  velocity  was  relatively  low.  Experiments  (2)  indicate  that  projectile  fragments  for  very  low  angle  (<7.5°) 
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taomriousCn^CW^  IWto’C  , *>  »“*  *««“»  ^ ^ 

impacts  leave  at  a velocity^) <sm^]  ***21^  bySoS’of  material  from  rare  grazing 
would  be  most  probable  early  Pj^~;  catenae  were  formed  > b higher  angle  impacts  as 

implications:  Presumably.  ^ ^ ncochcl  wiu  reflect  not 

(<10°)  impacts,  then  there  wo‘^record  m B satellite  system  ,mpactors  as  well.  ?rorr 

SsS^SSSSSss: 

^.r^rThtTimn  Increasing  disruption  r'«*icwinentlv,  it  is  intngumg  SJ*'F  m rarent  populations 


distribution.  Increasing . djsnjPJ ^^u^Tconsequently. 11  “ “JgJ^ppSSm H) P^1  POP1^001* 
from  an  uncontaminated  parent  popma  /population  I)  and  late  fropuia 

^c^nbured  to  the  ^ ^ Shocmakcr  (l982)  in  Sme«u« ofJup ^^2^.4)  Schultz, 

PJl.(l988)inMWp311.5)Ste 

(1981)  JGR,  pp.  8656-8674 
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GLOBAL  ASSOCIATIONS  OF  VOLCANIC  VENTS  TO  FRATTURfc 

radial  to  large  impact  basins  on  mars  S 

Byron  D.  Schneid  and  Ronald  Greeley,  Department  of  Geology 
Arizona  State  University,  Tempe,  Arizona  85287  USA 

and  O^snar, » Oaddock  ,^™usimlies  (Albin 

Wtchman  and  Schultz,  1989).  It  has  been  asserted  that  the™/2  2/^  1982;  SchuItz’  1984i 
basins  extend  into  the  crust  and  mav  localize  some  w/6  c?n<re"?lc  fractures  around  impact 
et  al  IQS?'!  Thic  ch  a u y ocaiize  some  features,  including  volcanoes  fee  Schnlty 

distinct  circles.  The  firs t° iV^a/^aT  d rrl s^®ws  ^at  most  vents  occur  on  three 
Fossae,  along  Protonilus  Mensea  throueh  Svrtis  ^harsis  Montes,  Tempe 

SS  Basin  £&£*%  ^ dS 

s^J2ssst»,,55s: 

l^S^PWlTi^^nd^] Mns™  1979)^  assodated  te"sile  (PhillipsTncf Lambeck, 

great  circle  ££££? with  Thisis  ' ^ “*  1<>Cated  °n  the  Sma11  circle  <*  the 

globe.  Sr? su^mpo-d  °"‘°  **  manian 

Patera,  some  small  central  vents  in  Eridania  3s  Icari,  “f'11  ,hrouSh  Tyrohena 

area  (a  possible  fissure  vent  source  area)  Ju!3i lured  Jerram  in  the  Solis  Planum 
dichotomy  escarpment.  This  circle  mav  rlflert  th^  r dI\d  l^n  aIon§  the  north-south 

the  surface  in  wavs  which  are  nnt  npcJe  *1  i ° *e  °^ln^erre^  radial  fractures  in  modifying 
The  second  pjslwe  groat  °f  the  fea,ures  « •«*& 

volcanoes  in  EridaniaJ  a group  offissure  vent?  t/h  I*  aJ  Basin>  some  unnamed  central  vent 
escarpment  north  of  Alba  Patera  and  the  Temne  f ^ northwesf of  Olympus  Mons,  across  the 
son/ fissure  in  Arabia  im°  Mdalia  Planitia’  and  "ear 

volcanoes  and  may  indicate^major  dte^emered^I^r^^w  n^PN  ^ TharSiS  ^ °f 

locally,^g“^S"“^“r“  13™*  basins  may  influence  ven,  posilions 

is  supported  by  the  association  of  by  fractures  radial  to  maj°r  impact  sites.  This 

basin  and  possible  gS  Ses  aTs^TatS  Jth  Z ?T  CnCleS  wi?  'he  He,las  imPac> 
Distribution  of  the  ven,  „ ™ » Zlt  Mis  Bastn  and  Acidalia  Planitia. 

therefore,  accommodate  more  volcanic  S produce  larger  fractures  and  can, 

m .ha,  order,  appear  to  have  increasing  number's  of  vents  JSSdEtaE&S SSStoS" 
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POSSIBLE  DEFICIENCY  OF  LARGE  MARTIAN  PRATFPQ  amfi 
RELATIVE  CRATERING  OF  THE  TERRESTRIALPLANETS 

Geodynamics  Branch,  NASA  Goddard  Space  Flight  Center,  Gree^el^MD  20771  * ^ 

J^vadonal  because  large  paniT  buried  or  ^er/™y°^w^kclS  ta  crerer 

mventones  [e.g.,  5].  The  relative  deficiency  of  large  craters  on  MarscZta 
interpretation  of  a common  population  of  impactors  within  the  early  inner  solar  system  n 21  and 
suggests  either  of  two  possibilities.  If  the  apparent  deficiency  of  maSi  ^te^  is  rSl  hen^e 

k ioS?he‘ ^ dlffTed  from  that  closer  to  the  Sun  ff  7e  atp^rem 

aericiency  is  not  real  then  the  complete  crater  inventory  of  Mars  should  be  similar  to  thoce  of 

aheSn7  and  th.^.f^oon*  supporting  the  interpretation  of  a single  population  of  impactors.  These 
. , ve  Possibihttes  can  be  tested  by  comparing  revised  inventories  that  include  partly  buried  or 
eroded  craters  to  an  estimate  of  Mars'  possible  relative  crater  deficiency.  P Y buried  • or 

ormnfc  deficient"  martian  craters  was  estimated  by  subtracting  binned  lunar  crater 

counts  from  the  bmn^  martian  counts  and  propagating  their  uncertainties  rll  All  counTsTere 

craters^ss" than  ^fo  uT^a^KrefFie,a?b^C^t^  & ^ 

define  ^*fi^uency  crater  distributions  have  been  used  to 

%5ZS£fT  da“  age/ 

km  in  diameter),  and  the  revised  1983  fit  increased  the  order  of  the  Lt-H?SoS  fem  7 m 
"Mm' ^teCTcTc^e^s' ^?hr>a"i^nhCratCT  da“  at  diame,cni  ,ar8er  than  KI0-300  tan  A new 

marti  ^^^b^h^n^^1st^tting;pol^ondalseby*ush^<\re^rh^ai^,t*squm'es0^The 

“e^2^1r  te  adKIUaK^  — < S »y  A- 


ZH  = 3.40  + 3.47  D - 2.68  D 2 + 0.42  D3 
X2  = 16.8 


8 <D  < 5000  km 


(1) 


or 


IN  = 4.67  + 0.70  D - 0.77  D2 
X2  = 21.2 

IN  = 4.96  - 1.21  D 
X2  = 0.646 


8 < £>  < ~ 500  km 


D > 500  km 


(2) 


These  best-fit  curves  are  simpler  than  previous  fits  that  were  restricted  to  small  crater  data 
Equa  ion  (1)  or  something  similar  would  be  appropriate  if  the  apparent  crater  deficiency  is 
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observational;  additional  counts  of  large  craters  may  reduce  the  knee  near  200  km  (Fig.  2a:  logD 
= 2 3)  Equations  (2)  would  be  appropriate  if  the  apparent  crater  deficiency  is  real  and  the 
associated  impactor  population  thereby  different  than  that  for  Mercury  and  the  Moon.  Equations 
(1)  and  (2)  are  better  fits  to  the  data  than  a simple  D1  distribution  (Fig.  2c).  These  results  provide 
a means  to  test  the  interpretation  of  a common  source  of  impactors  within  the  early  solar  system 
once  more  complete  crater  counts  for  older  martian  terrains  become  available. 


REFERENCES:  [1]  Strom,  R.G.,  Icarus,  70,  517-535,  1987.  [2]  Wetherill,  G.W.,  Proc.  Lunar  Sci. 
Conf.,  6th,  1539-1561.  1975.  [3]  Strom,  R.G.,  S.K.  Croft,  and  N.G.  Barlow,  in  Mars  Univ  of  Arizona  Press,  m 
press.  [4]  Schultz,  R.A.  and  H.V.  Frey,  J.  Geophys.  Res.,  submitted,  1989  [5]  Barlow,  N.G.,  Icarus  75  285- 
305, 1988.  [6]  Bevington,  P.R.,  Data  Reduction  and  Error  Analysis  for  the  Physical  Sciences,  p.  60-61, 19o9.  I /] 
Neukum,  G.  and  K.  Hiller,  J.  Geophys.  Res.,  86,  3097-3121, 1981. 


in  heliocentric  impactor  velocity. 


Fig  2 Cumulative  frequency  plots  of  martian  craters  and  basins;  data  from  [5.4J.  (a)  Cubic  best  fit,  equation  (I). 
(b)  Best  fit  if  two  impactor  populations  are  defined;  equations  (2).  (c)  D'2  curve  with  intercept  a0  = 7.6. 
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EARLY  INTENSE  CRATERING  OF  THE  EARTH- MOON  SYSTEM 
Villiam  K.  Hartmann,  Planetary  Science  Institute,  Tucson,  AZ 
David  G.  Grinspoon,  NASA- Ames  Research  Center,  Moffett  Field,  CA 

Following  earlier  work  by  Hartmann,  we  have  reconstructed  the  early 
cratering  history  of  the  earth- moon  system  by  fitting  the  curve  of  cratering 
rate  vs.  time,  derived  from  Apollo  data  back  to  about  4 Gy  ago,  to  a data 
point  for  4.5  Gy  ago  derived  from  the  mass  flux  needed  to  accrete  Earth  in  the 
measured  formation  interval  of  about  70  My.  Ve  have  refined  earlier 
treatments  by  careful  consideration  of  the  sweep- up  times  for  interplanetary 
bodies  scattered  by  the  growing  planets,  as  calculated  by  Vetherill.  The 
time- behavior  of  this  curve  is  crucial  to  planetary  evolution,  as  evidenced  by 
recent  papers  that  attribute  to  the  early  intense  flux  many  important  effects, 
such  as  impact  frustration  of  the  origin  of  life  on  Earth  and  Mars,  primordial 
climate  effects  induced  by  dust  palls,  heterogeneities  introduced  into  the 
primordial  Earth’s  crust,  creation  of  Earth’s  oceans  by  comet  impacts,  and 
other  effects. 

To  first  order,  our  derived  curve  is  remarkable  for  having  an  empirical 
mean  half-life  of  declining  flux  of  about  25  My,  just  the  value  calculated 
independently  by  Vetherill  for  sweep- up  of  terrestrial  zone  planetesimals  in 
orbits  scattered  by  Earth.  However,  we  refine  earlier  work  in  several  ways. 

Ve  point  out  that  many  of  the  earlier  studies  mentioned  above  were  based  on 
assumption  of  a constant  half-life,  and  hence  underestimated  the  earliest 
flux.  Ve  developed  a more  realistic  curve  of  continually  lengthening 
half-life  which  permits,  we  believe,  more  realistic  quantitative  modeling  of 
early  impact  effects.  Second,  we  note  that  the  widely  postulated  impact 
cataclysm  --a  short-lived  overwhelming  cratering  episode  of  unknown  origin 
at  4.0  to  3.8  Gy  ago  --  is  not  needed  to  explain  available  data  such  as  lunar 
rock  ages.  Third,  we  respond  to  recent  criticisms  by  Graham  Ryder,  which  not 
oniy  postulate  the  "cataclysm",  but  also  propose  that  there  was  essentially 
zero  cratering  for  the  first  600  My  before  the  cataclysm.  This  would  be 
difficult  to  understand  in  view  of  the  dynamical  calculations  of  the  sweep- up 
of  planetesimals  left  over  from  the  planet- forming  process.  Ve  believe  the 
quantitative  model  we  propose  for  declining  flux  in  the  first  600  My,  with 
constantly  lengthening  half-life,  permits  more  realistic  modeling  of  the  early 
planetary  environment.  J 
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FORMATION  OF  MAGNETIC  ANOMALIES  ANTIPODAL  TO  LUNAR  IMPACT  BASINS 

Lon  L.  Hood,  Lunar  and  Planetary  Laboratory 
University  of  Arizona,  Tucson,  Arizona  85721,  U.S.A. 


Many  observations  suggest  an  important  role  for  impact  processes  in  producing  lunar 
crustal  magnetization.  If  this  role  is  verified,  then  basic  consequences  would  follow  for  the 
interpretation  of  paleomagnetism  on  airless  or  nearly  airless  planetary  bodies  in  the  solar 
system.  Specifically,  it  has  been  shown  that  the  largest  regions  of  strong  lunar  crustal 
magnetization  detected  by  electron  reflection  magnetometry  on  the  Apollo  subsatelhtes 
are  located  near  the  antipodes  of  four  young  large  impact  basins:  Onenta  e,  Imbrium, 
Serenitatis,  and  Crisium  [Lin  et  al.,  1988].  Medium-amplitude  orbital  anomalies  correlate 
in  many  cases  with  surface  exposures  of  primary  and  secondary  basin  ejecta  including  t e 
Fra  Mauro  and  Cayley  formations  [Hood  et  al.,  1979].  Sample  paleointensity  data  imply  a 
wide  range  of  lunar  field  amplitudes  and  indicate  that  significant  fields  have  existed  at  t e 
lunar  surface  in  relatively  recent  times.  In  particular,  70019,  an  Apollo  17  impact  glass 
sample  dated  as  < 200  m.y.  old,  yielded  a Thellier  paleointensity  of  0.025  gauss,  which 
is  about  eight  times  the  largest  measured  surface  crustal  field  [Sugiura  et  al.,  1979].  On 
the  other  hand,  lunar  sample  paleointensities  indicate  a possible  high  field  epoch  between 
about  3.9  and  3.6  Ga,  suggesting  a former  core  dynamo  magnetic  field  [Cisowski  and  fuller, 

1986]. 

Theoretically,  the  major  aspect  of  meteoroid  impacts  that  leads  to  plasma  an  mag- 
netic field  effects  is  the  production  at  vertical  impact  velocities  greater  than  about  10  km/s 
of  a hot  cloud  of  vaporized  rock  in  addition  to  solid  and  molten  ejecta  (see,  e.g.,  Melosh 
[19891)  A preliminary  model  was  proposed  for  the  formation  of  large  lunar  magnetization 
concentrations  (or  ‘magcons’)  in  which  the  partially  ionized  vapor  cloud  produced  in  a 
basin-forming  impact  expands  around  the  Moon  forcing  a pre-existing  ambient  magnetic 
field  to  be  compressed  near  the  boundary  of  the  cloud.  An  especially  large  compression 
of  the  magnetic  field  was  expected  to  occur  antipodal  to  the  impact  point.  Magnetization 
acquisition  in  basin  antipode  zones  and  peripheral  to  the  basins  was  suggested  to  occur 
by  relatively  rapid  shock  or  thermal  remanence  due  to  impacts  of  solid  secondaries  an  o 
compressive  stresses  generated  by  the  convergence  of  seismic  waves. 

At  the  laboratory  scale,  some  progress  toward  experimental  detection  of  plasma,  mag- 
netic field,  and  rock  magnetization  effects  associated  with  hypervelocity  impacts  onto 
basalt  targets  has  been  reported.  In  particular,  Crawford  and  Schultz  [1988]  have  recen  y 
documented  electrical  currents  and  spontaneous  magnetic  fields  generated  by  thermal  pres- 
sure gradients  within  the  impact  plasma  cloud  itself.  They  have  also  detected  magnetic 
fields  resulting  from  interaction  of  the  impact  plasma  with  applied  external  magnetic  fields. 

In  order  to  investigate  quantitatively  magnetic  effects  of  large  impacts  on  airless  plan- 
etary bodies  such  as  the  Moon,  numerical  model  calculations  were  made  of  the  expansion 
and  interaction  with  a lunar-sized  body  of  a basin-scale  impact  plasma  cloud.  Results  show 
that  the  outer  periphery  of  the  cloud  remains  completely  vaporized  and  expands  aroun 
the  body  at  a speed  comparable  to  the  incident  impact  velocity.  For  example  at  impact 
velocities  of  15  to  20  km/s,  basin-scale  silicate  impactors  (50  to  75  km  in  radius)  produce  a 
vapor  cloud  that  converges  on  the  antipode  in  a time  of  approximately  400  to  450  secon  s 
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after  the  impact. 


Fields  Within  the  Plasma  Cloud:  Transient  electrical  currents  are  generated  in  the  plasma 
cloud  itself  by  strong  temperature  and  density  gradients  combined  with  the  basic  difference 
in  ion  and  electron  mobilities.  A scaling  analysis  of  the  governing  equations  yields  an 
estimate  for  the  saturation  magnetic  field  amplitude,  | Bs  |~  ( ck/e)(AT/VL ),  where  c is 
the  speed  of  light,  k is  Boltzmann’s  constant,  e is  the  electron  charge,  AT/ L is  a typical 
cloud  temperature  gradient,  and  V is  a representative  gas  expansion  velocity.  Although 
generated  field  amplitudes  can  be  large  for  laboratory-scale  events,  | Bs  | decreases  as  L 
increases  while  AT  and  V remain  relatively  constant.  In  the  basin-scale  impact  plasma 
cloud  calculation  described  above,  after  64  seconds  the  size  of  the  cloud  is  comparable  to 
half  the  lunar  diameter.  Maximum  temperatures  near  the  impact  point  are  104K  and 
decrease  to  much  smaller  values  in  a distance  of  ~ 1000  km.  Typical  expansion  velocities 
are  ~ 10  km  s-1.  Substitution  into  the  above  expression  yields  | Bs  | ~ 10-6  G.  Even  at 
times  of  < 10  seconds  after  the  impact,  the  estimated  field  amplitudes  remain  < 10~4  G. 
It  is  therefore  concluded  that  large-scale  impacts  on  airless  planetary  surfaces  are  unlikely 
to  produce  significant  large-scale  magnetizing  fields  within  the  impact  plasma  cloud  itself. 
This  result  is  generally  consistent  with  the  absence  of  correlations  between  lunar  orbital 
magnetic  anomalies  and  impact  crater  locations  [Hood  et  al.,  1979], 


External  Fields:  At  least  three  initial  plasma  and  magnetic  field  environments  of  an  air- 
less planetary  body  may  be  considered.  First,  the  body  may  have  no  large-scale  intrinsic 
magnetic  field  but  may  be  exposed  to  the  solar  wind  plasma  and  its  embedded  magnetic 
field  (e.g.  the  present-day  Moon  for  most  of  its  orbit).  Second,  the  body  may  possess  an 
intrinsic  field  and  be  exposed  to  plasmas  in  its  own  magnetosphere  (e.g.  Mercury).  Third, 
the  body  may  have  no  intrinsic  field  but  may  spend  part  or  all  of  its  time  within  the 
magnetosphere  of  a planet  (e.g.  satellites  of  the  outer  planets).  In  any  of  these  cases,  the 
external  medium  consists  of  a plasma  with  an  embedded  magnetic  field.  A magnetohydro- 
dynamic shock  wave  will  therefore  develop  ahead  of  the  expanding  impact  plasma  cloud. 
Within  the  shocked  layer,  the  field  is  amplified  while  outside  the  shock  wave,  the  plasma 
and  field  environment  is  unperturbed.  A case  in  which  the  body  is  immersed  in  the  solar 
wind  (i.e.  the  typical  lunar  case)  is  illustrated  in  the  figure.  The  inner  dashed  line  repre- 
sents the  outer  boundary  of  the  impact  plasma  cloud  and  the  outer  dashed  line  represents 
the  external  shock.  In  this  example,  the  external  plasma  medium  is  moving  at  400  km/s 
relative  to  the  Moon  and  the  ambient  magnetic  field  is  uniform  and  oriented  perpendicular 
to  the  solar  wind  velocity  vector.  The  largest  field  amplification  occurs  antipodal  to  the 
impact  point  and  can  reach  values  of  several  hundred  times  the  ambient  field  amplitude. 
Although  other  initial  plasma  and  field  conditions  result  in  different  compressed  external 
field  configurations,  antipodal  field  compression  is  found  to  occur  in  most  cases.  This  result 
combined  with  observational  evidence  for  magnetization  concentrations  antipodal  to  lunar 
impact  basins  suggests  that  external  field  compression  is  the  most  important  magnetic  field 
effect  of  large-scale  impacts  on  airless  planetary  surfaces.  Heating  and  weak  shock  effects 
of  converging  seismic  waves  in  basin  antipode  zones  provides  one  plausible  mechanism  for 
imparting  magnetization  to  crustal  materials. 
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SEARCHING  FOR  CRISIUM  BASIN  EJECTA:  CHEMISTRY  AND  AGES  OF  LUNA  20 
IMPACT  MELTS  Swindle  T.1,  Spudis  P.D.2,  Taylor  G.J.\  Korotev  R.4,  Nichols  R.H.4,  and 
Olinger  C.T.  1.  Univ.  of  Ariz.,  Tucson,  AZ  85721  2.  U.S.  Geological  Survey,  Flagstaff, 
AZ  86001  3.  Univ.  New  Mexico,  Albuquerque,  NM  87131  4.  Washington  Univ.,  St  Louis’ 
MO  63130 

We  have  studied  fragments  of  impact  melt  rocks  separated  from  Luna  20  samples.  One  of  our  goals  was  to 
identify  samples  of  the  impact  melt  sheet  of  the  Crisium  basin,  which  has  not  yet  been  characterized.  Studies 
of  Apollo  15  and  17  samples  (e.g.,  [1-3])  have  shown  that  the  Imbrium  and  Serenitatis  melt  sheets  differ  in 
composition  (though  both  are  LKFM)  and  age.  Apollo  16  samples  contain  impact  melts  richer  in  ALO,  (”VHA 
basalt  ),  suggesting  that  the  melt  sheet  of  the  Nectaris  basin  differs  in  composition  from  the  melt  sheets  of  both 
the  Imbrium  and  Serenitatis  basins  [4],  We  also  wished  to  constrain  the  age  of  the  Crisium  basin  by  dating 
fragments  of  its  basin  melt.  The  only  age  data  previously  available  for  Luna  20  samples  indicate  that  an  impact 
occurred  at  3.86  Ga  ([5];  recalculated  using  decay  constants  of  [6]),  a date  contemporaneous  with  the  formation 
of  the  Serenitatis  basin  [2,  3],  This  Luna  20  melt  rock  is  interpreted  as  Crisium  ejecta  by  some  [71,  but  it  could 
be  from  another  basin  or  a crater. 

From  the  Luna  20  coarse  fines,  we  hand-picked  six  fragments  (A-F,  Tabic  1)  that  macroscopicaily 
appear  to  be  fine-grained  crystalline  rocks.  These  samples  were  irradiated  for  INAA  and40Ar-39Ar  analyses. 
Enough  remained  of  fragments  A and  B to  prepare  thin  sections;  both  samples  arc  highland  impact  melts. 
Formation  ages  of  these  six  samples  are  shown  in  Table  1;  some  selected  chemical  data  arc  presented  in  Figure 


Our  results,  combined  with  published  data  for  other  Luna  20  samples  [8,  9],  indicate  the  presence  of 
at  least  three  distinct  melt  groups  and  a large  cluster  of  loosely  associated  rocks.  The  three  labelled  groups  of 
Fig.  1 are  composed  of  impact  melts  that  have  homogeneous  major  and  trace-element  compositions;  the  age  of 
at  least  one  sample  in  each  group  has  been  determined.  We  interpret  these  three  groups  as  representing  three 
separate  impact  events.  Group  3 overlaps  the  field  for  the  Apollo  17  poikilitic  impact  melts,  interpreted  to  be 
of  Serenitatis  basin  origin  [2,  3].  Sample  22007,1  was  dated  at  3.86  Ga  [5],  an  age  indistinguishable  from  that 
ot  the  Serenitatis  basin.  Group  2 forms  a tight  compositional  cluster  and  is  dated  at  3.72  Ga.  Group  1 consists 
of  only  two  members,  but  sample  B is  a fine-grained  melt  rock  with  bulk  chemistry  approximating  "anorthositic 
norite”  [10]  and  it  has  a well-determined  age  of  3.92  Ga  (Table  1).  Among  our  other  samples,  C and  D have 
indistinguishable  ages  of  about  3.7  Ga,  and  A and  E have  young  ages  close  to  0.4  Ga,  However,  because  the 
rocks  arc  compositionally  distinct,  each  represents  a separate  impact. 

The  Crisium  basin  predates  the  Imbrium  basin  (3.85  Ga)  and  possibly  the  Serenitatis  (3.87  Ga)  basin 
[7];  the  age  of  our  Group  2 melt  sample  F (3.72  Ga)  precludes  a Crisium  basin  origin.  Group  2 likely  represents 
the  melt  sheet  of  a post-basin  crater  somewhere  in  the  vicinity  of  the  Luna  20  site.  Group  3 has  a chemical 
composition  and  an  age  indistinguishable  from  those  of  the  impact  melts  of  the  Serenitatis  basin  [2,  3).  Although 
Group  3 contains  the  sample  suggested  by  Wilhelms  [7]  to  be  from  the  Crisium  basin,  we  tentatively  identify  our 
Group  3 with  the  Serenitatis  impact  (despite  the  considerable  distance  (750  km)  of  the  Luna  20  site  from  the 
rim  crest  of  Serenitatis).  Although  sparsely  populated,  Group  1 contains  an  impact  melt  (sample  B)  with  a 
precise  age  (3.92  Ga)  and  a composition  similar  to  that  of  another  Luna  20  sample.  Group  1 is  definitely  older 
t an  both  the  Imbrium  and  Serenitatis  impacts  and  is  contemporaneous  with  the  Nectaris  impact.  This  group 
is  distinctive  chemically  in  that  its  composition  docs  not  resemble  either  the  LKFM  composition  associated  with 
the  Imbrium  and  Serenitatis  basins  [1-3J  or  the  VHA  basalt  composition  associated  with  the  Nectaris  basin  [41. 
Group  1 corresponds  chemically  to  "anorthositic  norite,”  a polymict  composition  long  recognized  as  a major 
component  of  the  lunar  highlands  [10]. 

We  tentatively  associate  Group  I impact  melt  with  the  Crisium  basin.  The  Luna  20  site  is  cither  inside 
thetopographic  basin  [7]  or  on  its  rim  crest  [11];  thus,  impact  melt  from  Crisium  should  constitute  at  least  some 
oi  the  Luna  20  samples.  If  Group  1 is  Crisium  melt,  its  aluminous  composition  could  result  from  the  formation 
of  the  Crisium  basin  in  a thicker,  more  anorthositic  crust,  farther  away  from  the  central  near  side  of  the  Moon 
than  Imbrium  or  Nectaris  [7].  The  association  of  Group  1 with  the  Crisium  basin  also  suggests  that  Crisium, 
although  younger  than  Nectaris  [7],  formed  fairly  soon  afterwards,  both  impacts  having  occurred  around  3.92  Ga! 
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LUNA  20  IMPACT  MELT  ROCKS:  Swindle  T.  et  ai 


0,0  “SfJS We  hve  nfS^iSomaUo.  abou.  sample  E,  but  macoscopica  I,  also 
soon  after  their  formation. 


References  [1]  Ryder  13X*M  Spu^slp-D^l^^^EKC  1S,/GjR89^05.  [sj 

h (19g3)  Lps  xrv,  116.  [10]  Taylor  S.R.  (1982)  Planetary  Science,  LPI  Press,  481  pp.  [11]  Spudis  P.D.  et  a . 
(1989)  LPS  XX,  1042. 


Table  l.40Ar-39Ar  Ages  of 
Luna  20  Impact  Melts 


Sample 

T (Gal . 

A 

0.46  ± 0.01 

B 

3.92  J:  0.03 

C 

3.71  ± 0.04 

D 

3.67  J:  0.05 

E 

0.35  + 0.10 

F 

3.72  ± 0.03 

22007,1* 

3.86  ± 0.03 

22006,1* 

3.86  ± 0.03 

* from  Podosek  et  al.  [5] 


Figure  1.  Sc  and  Sm  concentrations 
in  Luna  20  rock  samples. 


453 


CRATER  SIMULATIONS  IN  SUBSCALE  JOINTED  ROCK:  PRELIMINARY  RESULTS 
Robert  M.  Schmidt,  M/S  3H-29,  Boeing  Aerospace  & Electronics,  Seattle  WA  98124 


There  is  much  conjecture  about  the  effect  of  joint  spacing  on  the  effective  strength  of  rock  and  its  consequences  on 
scaling.  To  date,  all  impact  experiments  in  rock  have  been  conducted  in  small,  and  therefore  rather  homogeneous, 
samples.  The  problem  with  such  experiments  is  that  they  don’t  correctly  model  the  joint/fracture  characteristics  of 
rocky  materials  involved  in  large  scale  impacts.  In  order  to  simulate  large  events,  it  is  necessary  to  fabricate  samples 
which  are  fractured  at  the  appropriate  spacing  and  have  the  low  porosity  associated  with  rock.  This  requirement  has 
presented  a difficult  experimental  hurdle.  The  approach  being  investigated  here  is  to  use  targets  consisting  of  layers  of 
prcfractured  tempered  glass  plates.  The  layers  provide  a controlled  vertical  spacing  of  fractures.  Additionally,  the 
plates  can  be  preffactured  with  a small  explosive  charge  buried  deep  enough  so  as  not  to  significantly  disturb  the 
sample  surface.  This  abstract  presents  a summary  of  some  preliminary  experiments  designed  to  test  this  method  of 

sample  fabrication.  Seven  impact  tests  have  been  performed,  some  using  prefractured  glass  plates  and  some  using 
virgin”  plates  for  comparison. 

Brief  description  pf  experiments;  All  impactors  were  6.35  mm  diameter.  763-IAGS  A1  sphere,  3.6  km/s,  1G. 
Target  was  alternating  layers  of  2.3  mm  thick  annealed  glass  and  1 .5  mm  thick  layers  of  basalt  fines  that  passed  a 
#100  sieve.  Test  of  virgin  glass  soil  model.  764-1762  A1  sphere,  3.5  km/s,  10.  Target  same  as  shot  763  but  had 
been  rubblized  by  a buned  charge  forming  a crater  which  was  later  filled  back  in.  Provided  a comparison  of  rubblized 
targets  with  virgin  glass  soil  model.  766-1764  A1  cylinder,  1.8  km/s,  1G  into  same  rubblized  target  as  shot  764 
above,  where  again  the  crater  was  filled  back  in.  Tested  effect  of  impact  velocity  on  rubblized  target.  770-1766  A1 
cylinder,  1.9  km/s  and  523G  into  same  rubblized  target  as  shot  766  above,  where  the  crater  was  yet  again  filled  back 
in.  Tested  effect  of  gravity  on  rubblized  target.  767-1765  A1  cylinder,  1.7  km/s,  1G.  Target  was  3.3  mm  thick 
layers  of  tempered  glass,  previously  fractured  but  not  cratered  by  a very  deeply  buried  explosive  charge.  Only  a slight 
mound  was  evident  on  the  surface.  Tested  effect  of  prefracturing  the  glass  model.  769-1768  A1  cylinder,  1.8  km/s, 
520G.  Target  prepared  as  described  for  767.  Test  effect  of  gravity  on  prefractured  glass.  771-IVTG  A1  cyl.,  1 8 
km/s,  520G.  Target  was  3.3  mm  thick  layers  of  virgin  tempered  glass.  Compare  with  769  for  effect  of  prefracture. 

The  figure  below  shows  how  the  cratering  efficiency  for  the  various  shots  compares  with  the  previous  results  for  dry 
sand  and  wet  sand.  It  appears  that  interlocking  of  joints  and  block  overturning  might  provide  a significant  strength  even 
when  materials  are  highly  fractured. 

To  validate  the  suitablity  of  any  of  the  jointed  rock  simulants,  comparison  is  also  being  made  with  existing 
explosive  events  that  have  been  performed  in  rock  in  the  field.  Of  particular  interest  is  the  cratering  series  conducted  at 
Buckboard  Mesa  in  a jointed  basalt  on  the  Nevada  Test  Site. 
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ROCK  CRATERS:  Schmidt,  R.  M. 


763-IAGS  Virgin  Annealed  Glass/Soil  1G  3.6km/s  Vol-15.1cc  R-4.42  n2  8e-9  nv  101 


764-1762  Rubble  Annealed  Glass/Soil  1G  3.5km/s  Vol=86.3cc  R=6.32  rt2=8e-9  tiv-508 


766-1764  Rubble  Annealed  Glass/Soil  1G  1.8km/s  Vol-45.6cc  R-5.70  n2  3e-8  nv  187 


770-1766  Rubble  Annealed  Glass/Soil  523G  1.9km/s  Vol-12.2cc  R-2.89  n2  2e-5  nv  50 


767-1765  Fractured  Tempered  Glass  1G  1.7km/s  Vol-32.8cc  R-4.65  n2  4e-8  nv  143 


771-IVTG  Virgin  Tempered  Glass  520G  2.0km/s  Vol-0.9cc  R-1.59  n2  2e-5  nv  4.4 


LANGMUIR  PROBE  MEASUREMENTS  OF  IMPACT-GENERATED  PLASMA.  D A.  Crawford  and  P. 
H.  Schultz.  Dept,  of  Geological  Sciences,  Brown  University,  Providence,  Rl  02912. 

Laboratory  experiments  at  the  NASA  Ames  Vertical  Gun  Range  demonstrate  that  macroscopic 
hypervelocity  (4.5  - 6.0  km/s)  impacts  can  generate  magnetic  fields  in  low  ambient  field 
environments  [1,2],  Nonaligned  electron  density  and  temperature  gradients  within  the 
impact-generated  plasma  provide  a possible  source  of  these  fields [3],  In  the  past,  we  inferred  the 
presence  of  impact-generated  plasma  by  noting  the  high  electrical  conductivity  of  the 
impact-induced  vapor  cloud  [4] . Quantifying  various  plasma  parameters  such  as  the  electron  density 
and  electron  temperature  potentially  provides  a measure  of  the  internal  energy  distribution  within 
impact-generated  vapor.  The  plasma's  electron  density  and  temperature  have  been  measured 
directly  in  new  experiments  (suggested  by  L.  Srnka)  by  means  of  an  electrostatic  (Langmuir)  probe. 

A Langmuir  probe  was  used  to  establish  the  electron  density  and  temperature  by  measuring  the 
current  that  flows  between  the  probe  and  plasma  as  a function  of  an  applied,  variable  potential.  Since 
the  lifetime  of  impact-generated  plasma  could  be  measured  In  milliseconds,  it  was  necessary  to 
sweep  the  applied  probe  potential  rapidly  while  simultaneously  measuring  the  probe  current.  In  order 
to  accurately  determine  plasma  parameters,  the  characteristic  dimension  of  an  electrostatic  probe 
must  be  much  larger  than  the  Debye  length.  Ad  = (kTe/4iTe2Ne)1/2and  much  smaller  than  the  electron 
mean-free-path,  A*  [5], 

A cylindrical  probe  11.4  cm  long  and  0.028  cm  diameter  was  located  7 cm  downrange  and  15.5 
cm  above  the  low-angle  (15°  from  horizontal,  5.44  km/s)  impact  point  of  a 1/4  inch  aluminum 
projectile  into  a solid  aluminum  target.  Since  we  had  no  prior  knowledge  of  Ad  and  \e.  several 
experiments  with  different  probes  determined  the  best  probe  size.  The  probe  was  connected  to  a 5 
kHz  sinusoidal  voltage  source.  It  was  enveloped  by  the  impact— generated  plasma  for  approximately 
3 ms  and  emerged  unscathed.  Both  the  probe  potential  and  current  were  sampled  every  2 psec  by 
A/D  converters.  Fig.  1 is  a graph  of  probe  current  vs.  potential  for  this  particular  impact.  The  curve 
has  been  shifted  so  that  the  probe's  floating  potential  (at  which  no  current  flows)  corresponds  to 
zero  volts.  The  probe  current  is  dominated  by  electron  current  when  the  probe  potential  is  positive 
(i.e.  when  the  probe  attracts  electrons)  and  can  be  given  by: 

Ip  - le=  Ip  exp/,.e(Vp~  Va)\  0<Vp<Va  (1) 

V kTe  / 


kTe 

2Trme  (2) 

where  lP  = probe  current,  le  = electron  current,  e = electronic  charge,  VP=  probe  potential,  Va  = 
plasma  potential  (from  Fig.  2),  k = Boltzmann’s  constant,  Te=  electron  temperature,  Ne=  electron 
number  density,  AP=  area  of  probe  (1.0  cm2)  and  me=  mass  of  electron  [5], 

Figure  2 is  a plot  of  In  (lP)  vs.  VP.  The  linear  slope  in  Fig.  2 yields  an  electron  temperature  (Te)  of 
approximately  4500  K which  is  probably  an  overestimate.  Applying  equation  (2)  yields  an  electron 
number  density  (Ne)  of  approximately  109  cm-3  which  is  probably  an  underestimate.  For  a cloud 
density  only  slightly  greater  than  that  of  the  residual  atmosphere  in  the  impact  chamber  (about  10'6 
cm-3),  only  about  1 part  in  107  of  the  impact-generated  vapor  cloud  is  ionized.  Under  these 
conditions,  the  Debye  length  (Ad)  is  less  than  0.02  cm  and  the  electron  mean-free-path  (Ae)  is 
between  0.3  and  1.0  cm. 

Further  experimental  and  analytical  work  should  improve  these  results,  but  it  is  unlikely  that  our 
estimate  of  Newill  change  by  more  than  about  two  orders  of  magnitude  for  this  type  of  impact.  Since 
Ad  and  Ae  are  so  close  in  magnitude,  the  use  of  greatly  different  probe  sizes  is  restricted.  Future  work 
will  focus  on  isolating  the  several  possible  mechanisms  for  producing  ionization  at  such  low  impact 
velocities.  The  most  likely  mechanism  intrinsic  to  the  Impact  process  may  be  a broad  energy 
distribution  within  the  impact-generated  vapor  cloud  allowing  ionization  of  a small  fraction  of  the 
overall  vapor.  Other  contributing  mechanisms  include  Ionization  in  the  wake  of  the  projectile  as  it 
travels  through  the  residual  atmosphere  and  ionization  in  the  wake  of  the  jetting  phase.  Ongoing 
experiments  should  resolve  the  relative  importance  of  these  mechanisms. 

Other  impact  experiments  indicate  that  higher  velocities  or  the  use  of  other  projectile/target 
materials  such  as  dry-ice,  water-ice,  calcium  carbonate  and  powdered  dolomite  substantially 


where 


l0  = - Ne  e 


AP  ^ 
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IMPACT-GENERATED  PLASMA 

n a Crawford  and  P.  H.  Schultz 
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ii  • DECAnTAT5D  IMPACT°RS  IN  THE  LABORATORY  AND  ON  THE  PLANETS;  P.H.  Schultz  Brown 
niversi  y,  rovidence.  Rl  02912  and  D.E.  Gault,  Murphys  Center  of  Planetology,  Murphys.  CA  95247 

ir™J?C£9rOU"d:  ,The  Partitionin9  of  energy  during  oblique  impacts  is  very  different  from  vertical 
disnla  ' mnntVe  !Cp!  lmPacts  ln,o  sand,  about  73%  of  the  initial  impactor  energy  is  expended  in  tarael 
disp  acernent  including  20%  in  compaction  and  53%  in  ejecta  (1)  The  remaining  enemy  27%r!s 

hori7on?ah  'h'°  W3Ste  hea'  a?d  k,netlc  ener9Y  of  the  proiectile.  A!  low  impact  anales  (15*  from  the 
3)  Internal  eneravf'in Tfttf rlL-1 he  !.mpactor  energy  occurs  as  kinetic  energy  in  ricocheted  debris  12. 
imDact  anales  6 P °)®otile  decreases  as  sin20  until  ricocheting  nearly  intaci  at  very  low 

pacts  of  durtilp  JinmiL  6Ver]  3 hi(?er^e  0C,ties  (>6  km/s)  into  non-porous  targets  (3).  Oblique  im- 
nffrK.,  L duc,lle  alurr"num  into  solid  aluminum  targets  have  been  observed  to  consistently  produce 

of  firsf^  contaryH^h  P'lS  ^ Because  these  enigmatic  pits  occur  within  a few  projectile  diameters 

glared  tl  be Lt&dTc?  bepapsed  by  hVPervel^ity  ballistic  ejecta  from  the  larqet.  Thet  ap- 
peared to  be  produced  instead  by  decapitation  of  the  projectile  due  to  spallation.  ~ 

the  Drima°yacratp^nprmlHpH^:nr?Slb^hln?i the  target  edge  close  lo  ,he  exPected  downranqe  rim  of 
ca\  wi  ness  Sis  oSeri  fa  thif  h9  6 downran9e  impacting  fragments  from  the  first  impact.  Verti- 
latorf  6u  Pi?C«ed  farther  downrange  recorded  the  dispersion  and  trajectories  of  these  iso- 

lated  fragments  High-frame  rate  imaging  from  35,000  fps  to  2 x 10*  fps  (frames  per  second? con- 
ained  their  ve  ocity  within  about  5%  and  permitted  deriving  the  size  of  the  fragments  from  the  size 
,k!f  imPact  P,ts  through  scaling  relations  for  identical  materials  (5).  Aluminum  and  pyrex  spheres 
Kn5  Cn}  KPM?reS)  .Wer?  Iaunched  a>  hyperveiocities  (-5  km/s)  in  order  to  contrast  the  rewonse  of 
m bn  6 ma  er.,als-  Aluminum  targets  included  a range  of  thicknesses  (from  0 079  toP2  5 cm) 
in  order  to  explore  first-order  effects  of  initial  contact.  Different  targets  (soft  aluminum  sand  and 
water)  were  also  used  to  calibrate  compositional  effects.  aluminum,  sand,  and 

famot^'n^nd?,1!0'^  'I?930!  (5-.6  km/s)  of  0.635  cm  aluminum  spheres  into  2.5  cm  thick  aluminum 
oTmnrp^nhtPri  nSi  °chft  pattern  with  a horizontal  concentration  and  vertical  strings 

l!irThnri7nnfifnnrPf  P'  S'  ls°laflon,of  the  downrange  second  impacts,  however,  produced  onlya 
cf  rfane^ianL3  lif  ° i Vep^7,aJLpilS-  n such  cases-  the  largest  pits  occurred  well  below  the  impact 
t o P tratectorv  Por  tWn®  b«  s'9nif,lcant|V)  above  the  projected  intercept  of  the  original  impac- 

rWilmioH  mnr  Fo  thln . ‘^gets  (|ess  than  0.5  projectile  diameter),  the  observed  vertical  offset 
n«of*nded  ^ ,on  Prox,mity  |°  the  target  edge  than  on  target  composition  or  thickness.  The  vertical 
thlfnrinfn^ S r?m  '"T?3?1,5  int0  thick  a,uminum  targets  typically  correspond  to  a 10°  change  from 
indi^i^nnlh^ahil^f  K°h,  framrrate  P^^aphy  revealed  that  the  velocity  of  the  fragment!  were 
^friw^b3  !e  Jr°™  thu  launch  velocity-  i e.,  a loss  of  no  more  than  300  m/s.  This  record  also 
of  pynarldirl? c'S|fei9  he  bl9h-sPeed  (9  km/s)  jetting  component  from  a lower  speed  (-3  km/s)  cloud 
seZld  to direCt,ed  along  the  impact  p,ane-  The  *atter  component  was  ob- 
Discussi^  fLPIhorahm  Wltness  Plate  and  P'ts  with  a microscopically  thin  layer  of  aluminum. 
inHoDri  SS  On'  The  laboratory  experiments  clearly  demonstrated  that  the  downranae  ricochet  pits 
nS  J rom  spallation  of  the  top  of  the  projectile.  At  a 15°  impact  angle,  decapitation  produce! 

c a use°th e s e Sf ra n m'e n t ^d w 4„i?  ,B  fra9rT?®nts  °f  nearly  equal  size  and  numerous  smaller  debris.  Be- 
small  npari?/irt^ent|S  d..d  n°  imPact  the  target  surface,  larger  fragments  survive  (Figure  1).  The 
peak  pressures  ha  eld  on'  th  componei?t  of  the  spalled  debris  is  generally  consistent  with  calculated 

SIlocE?  ISSIiSS ^FnrVtm?Ppr0aCl?  0f,Gault  and  Heitowit  (6)  modified  to  include  only  the  vertical 
of  P,  u ' For 5,  km/s  Impact  velocities,  the  shock  created  by  first  contact  reaches  the  too 

Dvrex  snhlroc6  bu-K  *e  j has  penetrated  10%  of  its  diameter  into  the  surface.  Even  brittle  and  fragile 
lid  15°  S fragments  10-20%  of  the  original  projectile  diameter  at  5.4  km/s 

addition  nmdIIleJh  odl|9uf  impacts  into  easily  volatized  targets  (plasticene,  water,  carbonates)  in 

l"riCcT4/n«^vaUr°°cLd  (7).  SP“"  ',el°Ci'V'  m°S'  "kely  dUe  lera.ion  in  ,he  ib- 

spallatiHCoef’  th^fml^fdaoi05!65  l.he  Pr°jectile  appear  to  decrease  for  oblique  impacts  owing  to 
along  the  oroiectile!farnptainforf^eVera  observatlons  suggest,  however,  that  internal  energy  losses 
ejec?a  c?oud  SSKm  fhl ac®  !ncrease-  F'rst'  ‘he  photographic  records  reveal  a self-luminous 
STerence  surfer  2e  ,etting  pha!te  that  exPanbs  non-ballistically— even  below  the  target 

imnlli  SfCOuf  alumini2in9  of  thin  pyrex  witness  plates  placed  just  2 5 cm  above  the 

downlan g^  disc ol o mtfo^  o^thl tb U'  Htt,e  k'yt-ic  e[!erg^  in  the  expand'ng  ejecta  cloud.  And  third. 
suoaestsbrSf hM  in^onc<b  I hf  9?  °^CLJrs  Wlthin  3 broad  parabolic-shaped  fan.  This  discoloration 
decrease  irDroiioSrfrlnrl^?9/6131^^  ejeCta'  not  target-transmitted  shock  heating.  Hence,  the 
comlSld^ ^bv^ ^an Ration  with  decreasing  impact  angle  down  to  15°  is  paradoxically  ac- 
pressures  are^sufficien!  m!nHi hea  Inp-  even  for  impacts  into  aluminum  where  calculated  peak  shock 
bLt  al^  bv  ^ °nJy  partial  me  tin9  C )•  This  heating  is  expressed  not  only  by  jetting 

such  heatina  to  mpStT [perhaps  even  melted  and  vaporized)  aluminum  ejecta.  We  attribute 
suspect  tha?  imemaf?t?«p?  3 procTess  c°mmonly  used  to  weld  dissimilar  materials,  and  we 

lessPfhan  20-30°  by  h63r  h63  9 may  exceed  shock-induced  losses  for  impact  angles 

The  downrange  patterns  resulting  from  projectile  spallation  observed  in  the  laboratory  have 
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striking  analogs  in  the  planetary  record.  fe-impacts^Th^s^ectS  pattern LpLdl°on 

and  Mars  reveals  numerous  examples  of  downra  9 downranae  oblique  impact  are  readily 

Lai  topography  and  crater  size.  On  fla *ur‘a^  affeCt  n0t  °"!y,the 

recognized  (Fig.  2a).  At  low  ^ °an  Sae  the  impact  angle  of  decapitation 

distance  between  first  and  ricochet  innp  floors  of  several  large  martian  craters  exhibit  re  im- 

fragments.  Ricochet  from  oblique  impacts  , crater  resulting  from  the  initial  impact  In 

pact  craters  on  the  facing  wall  that  are  even  la '^^r  than  the  ^ter  re^  ( 2b>. 

contrast,  downslope  collisions  have  Pr°fu^®dria^^aCne4  re_impact  merge.  Orcus  Patera  (450  km  x 
At  the  broadest  scales,  the  initial  impa-t  and  for  an  oblique  impact  and  a series  of  smaller 

150  km)  on  Mars  exhibits  the  diagnostic  ®)e_c  ..£  the  Moon  \s  accompanied  by  a series  of  larger 
coalescing  impacts  downrange.  The  crater  Seller _or > the  M wall/ring  of  Schiller  basin, 

downrange,  coalescing  craters  due  to  the  top  >gi ^^at^,CDre^eeLSe0s  observed' in  the  laboratory.  Although 
Both  morphologies  can  be  understood  in  terms  of  Reprocess  , impacts  by  tidally  disrupted 

it  can  be  argued  that  such  (or  some)  c jompanion  downrange  on  flat  surfaces. 

m^Sencronm^LTnd'lhe^ observes  controlling  .Heels  of  topography  all  support  a process 

analogous  10  projectile  decapitation  observed  'r  '^  '^Ttt  lundarnenlal  diflerences  in  the  partitioning 
Concluding  Remarks:  Laborato-v Stwder theoretical  considerations  and 
of  energy  with  impact  angle  and  can  be  supp  observed  phenomena  provide  more  than  just  an 
planetary  analogs.  We  feel  that  thePr°cefs.  lurefXd  decreased  disruption  and  ricochet  of  a 

explanation  for  enigmatic  or  unique  impact  structu  • CQ°  tribute  significantly  to  a sibling  popula- 
single  basin-forming  impactor  at  Lee  g\  increased  partitioning  of  energy  into 

tion  of  impactors,  particularly  in  satellite  syste  Ld  -{)eCt  the  formation  and  recycling  of  planetary 

shear  heating  at  more  modest  angles  10-30  ) couWaffec^the  torm  embedded  projecti|e  ricochet 

SS^^e^^lS'oSSKSSSv  creating  orbiting  debris  around  solid-surface  planets  that  could 

evolve  into  a short-lived  ring  (3,  10).  — ■ »-  « 
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Fiaure  1.  Size  distriDulion  ol  ricocheting  projectile  r®su'''"9 
Irom  oblique  impacts  i referenced  to  nonzontali  o sand 
(dots)  and  2.5  cm-thick  aluminum  (large  filleo  Circles)  tar 
nets  For  impacts  into  aluminum  targets,  the  ricochet  com 
poneni  was  prevented  Irom  re-impaotmg  tne  target  surtace 
tnereby  preserving  tne  actual  size  and  trajectory  of  the  spalled 
proiectile.  Only  tne  tour  largest  spall  fragments  are  shown  lor 
two  different  velocities. 
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T^ZlTNumerous  craters  on  Mars  exhibit  evidence  for 
with  companioh  downrange  impact  (387B0  ). 
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AMOUNTS  AND  STYLES  OF  EJECTA  EROSION  AT  METEOR  CRATER,  ARIZONA; 
J.A.  Grant  and  P.H.  Schultz,  Brown  University,  Providence,  RI  02912. 

INTRODUCTION:  Two  independent  studies  constrain  average  erosion  from  much  of  the  ejecta 
surrounding  the  50,000  year  old  (1,2)  Meteor  Crater,  thereby  supporting  our  preliminary  contention 
(3)  that  the  majority  of  the  ejecta  retains  a largely  pristine  morphology.  Most  erosion  occurred  during 
a brief  period  following  impact  and  under  wetter  conditions  -24,000-12,000  years  ago.  Preserved 
morphology  indicates  that  fluvial  run-off  and  eolian  processes  have  dominated  denudation  with  insig- 
nificant erosion  by  groundwater  sapping  processes  and  mass-wasting.  Our  conclusions  are  supported 
by  the  scale  of  preserved  primary  ejecta  features. 

AMOUNT  OF  EROSION:  Average  erosion  of  ejecta  (comprised  of  predominantly  Kaibab  frag- 
ments) beyond  -0.25R  from  the  rim  crest  is  60  +/-30  cm  based  on:  A)  the  relative  coarsening  of 
ejecta  surface  lag  deposits  at  various  grain  scales  as  compared  to  unweathered  ejecta  drainage  sys- 
tems/densities; B)  the  volume  of  locally  eroded  sediments  within  a semi-enclosed  drainage  basin  west 
of  the  crater;  and  C)  the  persistence  of  small  distal  ejecta  blocks  on  pre-impact  surfaces  and  distal 
ejecta  deposits  in  exposed  locations  on  top  of,  and  a ballistic  shadow  downrange  of  a pre-existing 
ridge  located  -1  km  from  the  crater  rim  (3).  Less  resistant  and  areally  limited  outcrops  of  ejecta 
dominated  by  Coconino  debris  fragments  are  estimated  to  have  been  eroded  an  average  1. 5-3.0  m. 

In  contrast  with  processes  responsible  for  formation  of  coarse-grained  surface  lag  deposits  in  most 
arid  environments  (4,5),  lag-forming  processes  on  the  widespread  Kaibab  ejecta  at  Meteor  Crater  are 
dominated  by  unconfined  run-off,  deflation,  and  weathering.  Upward  clast  migration  and  downslope 
creep  of  saturated  soils  were  most  active  during  the  early  history  of  the  crater,  but  have  played  only 
minor  roles.  Because  lag-forming  processes  on  the  ejecta  result  primarily  in  downwasting,  we  can 
assume  that  the  lags  formed  largely  by  differential  transport  of  the  finer  matrix  and  in  situ  accumula- 
tion of  coarse-grains.  Hence,  their  development  provides  a measure  of  erosion  after  correcting  for 
losses  due  to  in  situ  weathering  processes.  Thirty  samples  from  a variety  of  locations  and  depths 
demonstrate  that  the  grainsize  characteristics  of  the  unweathered  ejecta  are  fairly  uniform  (for  the 
Kaibab  and  Coconino  ejecta,  respectively).  Erosion  estimates  based  on  comparison  of  coarse-grained 
lag  deposit  and  unweathered  ejecta  grainsize  characteristics  were  made  using  -50  samples  in  pairs/trios 
from  around  the  crater.  Analyses  of  sediments  in  alluvium  eroded  from  the  ejecta  reveals  that  blocks 
>20  cm  are  infrequently  carried.  Blocks  larger  than  20  cm  therefore,  collect  in  situ  on  gully  floors  as 
finer  material  is  removed.  Because  block  densities  per  channel  volume  preserved  on  gully  floors  are 
indistinguishable  from  block  concentrations  in  unweathered  ejecta,  only  minor  amounts  of  erosion  in 
addition  to  that  required  for  gully  formation  can  have  occurred  overall  (3). 

Mapping  of  depositional  environment  and  trenching  were  used  to  constrain  the  initial  volume  of 
sediments  within  the  semi-enclosed  basin.  These  initial  volumes  were  then  corrected  for  five  other 
contributions  and  losses.  First,  deposits  adjacent  to  the  basin  were  included  in  order  to  account  for 
sediments  transported  outside  through  minor  divide  breaches.  Second,  corrections  were  made  for 
sediments  lost  by  eolian  deflation  from  the  exposed  ejecta  and  the  various  deposits  using:  the  degree 
of  coarsening  relative  to  subsurface  alluvium  in  lag  deposits  on  alluvial  fans;  the  height  of 
phreatophyte  mounds  in  areas  of  distal,  diffuse  drainage;  and  comparison  of  these  results  with 
amounts  of  erosion  indicated  by  the  present  windstreak  northeast  of  the  crater.  Third,  volumes  were 
modified  to  account  for  material  deflated  from  surfaces  prior  to  burial  by  the  observed  deposits. 
Fourth,  a similar  adjustment  was  made  to  account  for  buried  colluvium.  Finally,  corrections  were 
made  to  account  for  losses  due  to  chemical  dissolution. 

STYLES  OF  EROSION:  Fluvial  run-off  and  eolian  processes  have  dominated  ejecta  denudation 
with  fluvial  activity  controlling  erosion  of  the  higher  gradient  upper  rim  (<0.5R).  Overall,  the  two 
processes  have  operated  at  about  equal  intensities  on  the  lower  rim  and  distal  ejecta  (>0.5R).  Dissec- 
tion of  the  ejecta  has  occurred  along  -75  small  gullies  incised  into  the  outer  crater  flanks.  Gullies  are 
generally  incised  to  depths  of  less  than  1 to  2 m and  merge  with  alluvial  fans  and  areas  of  diffuse 
drainage  near  the  base  of  the  outer  rim.  The  drainage  density  around  the  crater  out  to  0.6R  from  the 
rim  is  8.6  km/km2  (3)  and  associated  drainage  basins  have  an  average  relief  ratio  of  0.7,  indicating 
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f ciirfaces  and  an  absence  of  small  * v mornholojiv  indicates  that 

^SSSSest-Sar^rjss  rs 

(9),  indicating  tlm,  surf.«  *-  ^"rau  .he  in^mcanc.  of 

sapping  morphology , fn  P P occurred  as  indicated  by.  AJ  * c\  and 

yy  6 ^ t r c m rm  chemical  dissolution  has  occur  imnact  surfaces;  and  Cj  anu 

processes.  Only  5-10  cm  cnenuwu  Kaibab  blocks  on  pre-impact  sun  uion 

Kaibab  blocks*  B)  survival  of  small  (10  1 , y,e  easilv  traced  to  their  origin  p 

— SriS:  « - 

STT ^ 

Kaibab  formation.  Erosion  was  greatest  d & P comparing  the  gradational  history 
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of  New  Mexico,  Albuquerque '^New*  Mexico’  8*  nf  ^H°T°^y ’ Univ€rsity 

for  Geological  Research  on  the  Bushveld  SnL,  il  ?avid  Twist,  Institute 

Pretoria  0001,  South  Africa  Bushveld  Complex,  University  of  Pretoria, 

Schwarf  u?Sf“  0tta!lofftLtVred^lde  Co'nple’1  "as  »«"«on.d  In  passing  by 
(1947).  Impact  origin  of  Vredefort  hL  Sf  *“  "*<=y««d  in  detail  by  Daly 
who  treated  discoveries  of  pseudotachvllte^^ff tCd  b-n  those  inter  workers 
lamellae,  coeslte,  and  stisho&e L“Sostlc  A1  °,°nes • •*■«* 

since  the  1920 ’s  have  considered  Bushvel  A anH  \r  a ^though  leading  workers 
impact  origin  for  the  Lshveld  has  not  ^J^  ^^  t0  be  genetic , an 

discussed.  The  complexity  of  the  Bushveld' fl  Wldely  accepted  or  even 
attempted  a synthesis  since  Hall  f 19« V Sd  1 °ne  r«ason-  Nobody  has 
shown  his  reconstruction  ?o  be  untenibk  Subf^ent  geoPhysical  studies^  have 
based  on  the  published  literature  and  rUtin  if  attemPt.lng  an  impact  model 

Vredefort-Bushveld  \n™s^ions . 

Kaapvaal  craton  -2.05  Ga  ago  Tf  km  of  otherwise  stable 

new  to  geology  (Nicolaysen  1985)*  g?f  may  *}ave  inv°lved  processes 

impacts  ly  a disintegrating  bolide’  an<f  ener^f  ’ ^hey  inVolved  multiple 
above  those  of  other ^propoled  astLbfemes  °Fders  ?f  ma6nitude 

extraordinary  phenomenon,  no  possibility  ff  7«„  °n?.  1S  dealln§  with  an 

consideration."  Thus  wrote  Shand  Kxtraordlnary  to  be  worthy  of 

Vredefort  Ring.  in  1947  ,3  (1916>  about  pseudotachylite  of  the 

pseudotachylitf  veins  in  rocks  n the  reusen,b lance  between 

dark  veins  in  meteorites  ^rod^e^  .n,echanical  shock"  and 

larger  celestial  body."  He  failed  to  make^^f  5 dlslntegration  of  some 
their  targets  but  Daly  (1947)  cited  ns eurwf  mental  leap  from  meteorites  to 
impact  origin  of  Vredefort.  ° pseudotachylite  among  the  evidence  for 

Vredefort  Dome  and  t h 7 7 cl? \ or' eer  ( 41 ul *+’' ^ ^ a f f ha<*  guided  Daly  through  the 
had  cited  Hall  and  M^lengraaff® in  his  SorTT'’  +Bushvel<i  c°”Pl«-  Daly 
Vredefort  and  Bushveld  a/  oogenetic  *7">p‘4i  aa  regarding 

contemporaneous,"  yet  he  never  made  fhe  m i ^ nearly  if  not  quite 
and  Bushveld  as  results  nf  d the  mental  leaP  to  interpreting  Vredefort 

to  Dietz  (1962)  contemporaneous  Impacts.  That  connection  waTleft 

stresses , “'rS,  c“trlP« «1  tangential 

enumerated  these  verf  fofces  as  inadlmi* Bushve.ld  Co">plex ; in  1947,  he 
not  apply  his  later  thinking  to  the  BuSlH?  T ?Pj;ain  Vretiefort . why  did  he 
the  features  later  cited  by  others  as  e^ieL.  f -^  he  ^cognized  many  of 
the  Bushveld  Complex  as  a modified  lopolith  f/e*  D.f,ly  interPreted 

gabbro  many  kilometers  thick  with  a +-  a t f lava  flow  of  layered 

a 60,000+  basin  and  „2s  fed  by  a central  vVnl:  ^1"  C?US^  that  filled 

gravity,  magnetic,  electrical  resistivity  and*  * Se°lng1c  mapping  and 

have  shown  that  mafic  rocks  are  inwarH-Hi/’i  sels.mlc"ref lection  surveys 

absent  in  the  center  of  the  Bushveld  ComnlL^  tv!  rusi^e  sheets  and  probably 
depth  against  a disturbed  zone^  7lWt  ^ma?  form  ?h7  pn?,abrUp,:ly  at  U‘13 
uplift,  Dietz  (1962)  still  had  a looo/i++  i™  the  collar  around  a central 
Bushveld  Complex  to  a bolide  rhat-  «-  +.  jn  ^ln<^  when  he  attributed  the 
flooded  with  mafic  magma  French^ ?1968>  mant7e  and  left  a crater 
interpretation  of  mafic  rocks  in  nfronio  4968>.  accepted  Cousins’  (1960) 
them  on  the  periphery  of  central  uDlif* f^nf1"8  con>plexes;  he  visualized 
postulated  impacts  by  four  conet  frZnS  r lmPact  craters.  Hamilton 

^c^afP synclYnis  "Bf ^ “d 

occur  within6 the "Bushv "id ^lomplej^;S *Daliz  d( l^^^int'eiTui'edied^ them^as^normous 
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xenoliths  floated  to  the  mafic  f e 1 ///da/tT^  French **(19 68 ),  Hamilton  (1970) 

Other  workers  regarded  them  as  roo  p p f central  uplifts  of  impact 

and  Rhodes  (197?)  interpreted  them  as  pa  deformed  zone  between 

craters.  We  interpret  them  as  segments  central  uplifts.  By  our 

transient  and  modified  impact  cavity,  pp  upiift  and  deformed  collar  at 
interpretation,  Vredefort  .represents  J^n«al  up^^  central  uplift(s)  is 
a deeper  erosion  level  in  th  B^h^  wQuld  Pexplain  occurrences  of  shock 
(are)  covered  by  later  , r absence  in  the  Bushveld. 

phenomena  at  Vredefort  and  their  absence  x . Felsite)  has  turned  out 

The  felsic  crust  of  Daly  s lava  ma„ma<5  The  interpretation  of  this 
to  be  older  than,  and  intruded  by , maf lt®  (Twist  and  Elston,  1989)  is 
5-km  succession  of  high-tempera^  French  (1968) 

critical  to  any  intarP£;tation  breccia  analogous  to  the  Onaping  Formation 
wondered  if  it  might  be  fallback  brecci  , Fre&ch  (in  press)  unsuccessfully 
at  Sudbury;  French  and  Hargrave  < (1970)  generally  accepted  Daly  s 

searched  for  shock  effects.  ^possibility  of  fallback  breccia.  In  a 
interpretation  but  also  raised  t interpreted  the  lower  part  of  Rooiberg 
more  detailed  study,  Rhodes  (1  ) k per  part  as  a volcanic-like  rock 

Felsite  as  shock- induced  impact  me  , . ,.f.PPd  cruSt  after  the  impact  event. 

- ..that  was  extruded  over  its  own  sol ,000  km3,  "20%  of  the 
We  tentatively  attribute  the  hug  temperature  of  Rooiberg  Felsite  to 

impact  cavity  "excavated  to  isotherms  above  the 

ambient-pressure^Uquidus  ^h^e^^entered  °^1(j^p£g_B,fshveld  ^sedimentary 

"fragment,"  where  layered  §ahbr< Rooiberg Fefsite.  P0ver  a vertical  distance 
rocks  (Pretoria  Group)  grade  1"t°  ® ke  (Fig.  1)  are  progressively  (1) 

of  15-20  m,  orthoquartzite  and  subg  gragin  boundaries  (Fig.  2a)  , 

recrystallized  to  metaquar  recrystallized  into  a network  of  ^n^^z 

/o')  cataclastically  deformed,  (->)  r Y , munched  The  quartz  needles 

needle s ( Fig.  2b) /and  (4)  partiy  melted  and  quenched^,^  . \hey  indicate 

are  interpreted  as  Para®°crphtg  qUart?-l?.  tridymite  inversion)  and  1700° C 
temperatures  between  870  C (B  9^^  melting  yis  complete,  quench  textures 
(melting  temperature  of  SiO,)  • Quartz  needles  are  so  ubiquitous  tha 

indicate  temperatwes  >1100  J:ff.  Qd  t distinguish.  Deformation  and 
sediment  and  meltrock  ar®  beneath  conventional  siliceous 

recrystallization  on  such  a sca^OT_p  for  unUsual  processes  can  be  found  in 
volcanic  flows.  Additional  e^ide  f d f tioJ  Df  basement  sedimentary 

locally  intense  brecciation  or  ductxl<  uth  > 100  m into  felsite,  and 

Tf  ^ variecies  appropriate  for  melted 

sedimentary  rocks  (Rhodes,  1975). 

References:  Cousins,  C.A.  , I960  Geol . Soc  South  Africa  Trans  ^y. 

R.A.,  1928,  Geol.  Soc.  taenca  Bull.  39  19  ^ Metamorphism  of  Natural 

1962  Jour.  Geol.  70.  French,  » in  “rvress  Tectonophysics . French, 

Materials,  Mono  Book  C°rp ’ 07 11  ur  ’ GeolP  79.’  Hall,  A.L.  , 1932  (le°1a 
B.M.  and  Hargraves,  R- B • > Q1971 ' ailf1  ton  W 1970,  Geol.  Soc.  South  Africa 
Survey  South  Africa  Mem.  2S  Hafftl  /h  A’frican  Jour . Sci.  81.  Rhodes,  R.C  , 

!??! ; Sio^y  £;  iSJ: 

S?st,S°D°:  M ini:  New  Mexico  Bureau  of  Mines  and  Mrneral 

Resources  Bull.  131. 
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10m"below  co««j^l°th  °^it'?thpfncl?.1St  recry.t.lliMtion,  about 

Of  Marble  Hall,  Transvaal  Crocf^a  ’-I?  Rlffnont,eiri  706  KS,  15  km  north 
subangular  to  subrounded  quartz  and  minor  nl^*'  i Rock.  ls  subgraywacke  with 
and  minor  calcite  ln  Jhe  m?dd?e o/ “/  m1trix  °f  sericite 
recrystallized  to  an  aggregate  ^ 


250  pm 


Figure  2.  Arenite  of  Pretoria  Group  with 
15  m below  contact  with  Rooiberg  Felsite 
north  of  Marble  Hall  6 


advanced  recrystallization, 
Farm  Palmiefontein  708  KS ,' 


about 
15  km 


i^d?sMn^rd  crossed  polars  . Sutured  quartz  grain 

indistinct , sericite  is  dispersed  through  quartz  grains. 
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CHAPTER  11 


STRUCTURE  AND  TECTONICS 


B^L^iSS^CT^^ical  Survey'  2255  NOrth  Geminl  DrlV6' 

Flagstaff,  Ariz. 

Introduction.  5h%V"U4”0oata?irl»SlSwdf  40-  to  110" . It 

Martian  equator,  exten  s ° that  trend  approximately  N. ,75°  W‘  tral 
includes  a series  of  tro^a  ^t^trena^PP^  but  in  the  central 

individual  troughs  are  general  y deDressed  area  600  km  wide. 

nS  of  ?he  system,  they  merge  to  f°rm  a depressea  common,  and 

Ee£hs  of  as  much  as  S k.  ‘interconnected  and  open 

loyally  they  may  «acV?o?Hebes chSma,  «hich  is  entirely  enclosed, 
toward  the  east,  except  fo  which  open  toward  the  north.  The 

^ that 

and  Syria  Planum  plateaus  of  Early  Hesperi  J^rmthus  troughs,  which 
Early  Amazonian  age.  Inte^n^lvYafter  the  troughs  opened.  f 

proSl^Mtende^^o^^Steijes^^™  - ‘^trims  * 

b»,  srlS  ’ 

is 

moats?^6 Landslides , dLed  -m*^15£\5£SSt  a’nev 

feU  into  ne  newly  created  voids  After  on  the  trough 

Smas-sks  ^ — * - *“  “r 

^^^ectlilsm  apparently  oc=^^tf ^paSlfof^olSSic  origin, 

the  Soughs,  linear  boundary  faults  at  ^^BterSf  ^d  locally  the 
parallel  to  these  grabens  J°L,h^!!rular  facets  [4,16].  Such  scarps 
faults  cut  lower  spurs  to  torm  tri  g tes  chasma  and  eastern 

are  conspicuous  on  the  north  slopes  of  Copra  the  fault5  are  en 

IZitr  Chasma,  although  oh  U>e  =°u^^!£aul?  trace  is  expressed  as 
echelon  [17].  More  commonly,  a-ross  wide  landslide  reentrants. 
Sraiaht  wall  segments  lining  up  ”1Q  Some  Qf  these  faults  bound 

Other^faults  Parallel  the  boundary  These  troughs  may 

subsidiary  troughs  parallel  { collapse  along  Parallelm^5  follow 

have  formed  from  successive  structura  as  chasmar  may  follow 

SVrJed  wall  -^Sfi or  basin  structures, 

faults  that  were  influencea  py  u 
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The  attitude  of  the  boundary  faults  i nr^t*  - » j 
noted  that  the  faults  appear  to^e  vertical  Photon,;  Sarr  [19] 
measurements  of  Davis  and  Golombek  [20]  indicate  dips  ^61?° 1C  h 

suggesting  opposing  fault  sramc  j • l . of  60  ' perhaps 

discontinuity  at  depth  [20  21  221  Tf  t-h^v  simple  grabens  and  a 

near  vertical,  colllpse  inM  icidr  a[  d^rh  al^S  Marln<!rls  faults  are 
discontinuity,  becomes  more  likely  [231  Pth  ”lthout  interaction  with  a 

plateau^urIacerat9SJi“ucese  theirCdeDths°dta  b'1°”  the  a<Hacent 

X 4 - la 

beeToV^rder^ 

transitional  to  outflow  chLSls  S =a”ern  tr°“9h=  ^at  are 
central  troughs.  The  Valles  MaHn»i-ie  more  than  10  km  in  the 
compensated,  as  shown  " as  apparently  not 

an  observation  that  supports  I thick  ?ioid’cm!£  ?ra";ty  anomaly  [24], 
topographic  rises  on  the  surrnimHinn'ni Jld  crust  m this  area.  Minor 
observed  in  several  placed  co^d  S!  plate^uunear  the  trough  edges, 
adjustments  that^re^Sensat^g  for^loil  ln°1Pient  1S°Statlc 

has  long  been%uspectedWbecause  of^he^H36  ^ dalles  Marineris 
Stress  models  of  the  Tharsis  rise  rel*r*1rhl!,nent  their  major  trends, 
the  adjacent  plateaus  to  a tensional pafall«l  shallow  grabens  on 
uplift  or  isostatic  loadina  o?  i>,  fSS  regime  caused  dynamic 
However,  why  did  only  ?he  ValLs Ma^ri*  “*2  I5'6^5,26, 27, 28,29] . 

depth^  ^chThdaere1eSr  32  ^h^f  ^ StSSS^S^ 

ssr&  ass-sE. 

SSfrsrM'ss  ss5£ 

aborted^planetary  ^ascriS  To  ^ 

S5 

their  ££  ^tU faS“0«?astaPt;  Tl  vl ill  hU°' 

£°ne9are±ticalMZ  £t 

wlth 

---  ra-?1  -1u  S^“^o^i^^s£.r  of 
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macpna  sShSnfeldU^ 

niwr  been  analvSd  in  detail.  A variant  of  the  tectonic-collapse 
hypothesis  involves  coUapse^f .Jf h^othesX  "is 

based^on  the* inference9 that  pit  chains,  which  most  lively f^™*£eby 
collapse  are  transitional  to  the  troughs,  and  that  therefore  tne 
fronahs  probably  formed  by  similar  processes.  However,  Schultz  [17] 
showed  tha?  St7chains  and  troughs  are  different  in  trend  as  well  as 
morphology  so  that  their  developments  may  be  unrelated.  , 

tectoS^d  fnhu««Sb“]Ss  Sse=  that 

the  crest  of  a bulge,  and  subsurface  withdrawal  of  material. 
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INTERIOR  STRUCTURES  OF  VALLES  MARINERIS,  MARS 

B.K.  Lucchitta,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001  and 
L.M.  Bertolini,  University  of  Arizona,  Tucson,  AZ  85721. 

The  origin  of  the  Valles  Marineris  troughs  has  been  attributed  to 
both  erosional  and  tectonic  processes.  Whereas  some  early  investigators 
proposed  formation  by  erosional  processes  such  as  melting  of  ice- 
saturated  megaregolith  followed  by  mass  wasting,  sublimation  of  water  or 
ice,  and  deflation  of  the  remaining  dust  [1],  other  workers,  especially 
those  using  Viking  images,  favored  tectonism  as  the  major  process  [2]. 
Proposed  tectonic  mechanisms  include  the  formation  of  grabens  due  to 
crustal  spreading  and  rifting  [3,4]  or  collapse  following  magma 
withdrawal  at  depth  [5].  However,  the  extent  to  which  the  troughs  were 
later  enlarged  or  modified  by  erosion  is  still  questioned,  and  an  origin 
due  entirely  to  mass-wasting  processes  (collapse  of  surface  rocks  into 
subsurface  voids)  has  recently  been  advocated  [6], 

Two  observations  support  the  notion  that  erosion  played  a major 
role  in  forming  the  present  configuration  of  the  troughs.  One 
observation  pertains  to  the  formation  of  depressions  that  separate 
interior  layered  deposits  from  chasma  walls,  the  so-called  moats;  the 
other  pertains  to  the  formation  of  a semicircular  wall  segment  along  the 
south  rim  of  Melas  Chasma;  this  shape  initially  appeared  to  be  more 
compatible  with  erosion  than  with  faulting.  New  observations  suggest 
that  both  features  may  be  primarily  of  structural  origin. 

The  origin  of  the  moats  is  poorly  understood!  wind  erosion  appears 
to  be  an  insufficient  cause,  as  is  erosion  by  water  resulting  from 
drainage  of  a hypothetical  paleolake  [7,8].  Also,  erosion  by  water  is 
improbable  for  the  formation  of  the  moat  in  Hebes  Chasma,  which  is 
entirely  enclosed  by  wall  rock.  Sublimation  of  ice  has  been  proposed  as 
an  alternative  mechanism  for  moat  formation  [9],  but  volumetric  problems 
remain,  such  as  the  difficulty  of  removing  all  materials  by  sublimation 
and  deflation.  We  here  proposed  that  the  moats  are  primarily  of 
structural  origin.  This  hypothesis  is  based  on  recent  geologic  mapping 
of  Ophir  and  Candor  Chasmata  combined  with  a study  of  elevations  on 
topographic  maps  [ 10 ] . 

The  elongate,  east-west  trending  trough  of  eastern  Candor  Chasma  is 
divided  lengthwise  into  southern  and  northern  segments.  The  southern 
segment,  extending  across  one-half  to  two-thirds  the  width  of  the 
chasma,  is  filled  with  interior  layered  deposits  (hereafter  called  basin 
beds)  that  form  a high-level  bench.  The  bench  has  surface  elevations 
about  4 km  above  the  Martian  datum,  and  it  abuts  the  walls  of  the 
adjacent  plateau  to  the  south.  The  northern  chasma  segment  is  lower, 
having  surface  elevations  of  generally  0 to  -2  km,  and  it  forms  a 
subsidiary  trough  about  5 km  lower  than  the  southern  bench.  This  trough 
contains  several  erosional  remnants  displaying  spur-and-gully 
morphology,  an  erosional  form  characteristic  of  chasma  wall  rock  but  not 
of  basin  beds.  Also,  no  layered  basin  beds  crop  out  within  it.  These 
observations  suggest  that  the  northern  trough  is  underlain  dominantly  by 
wall  rock.  A critical  relation  is  observed  in  one  place;  a hill 
composed  of  wall  rock  lies  directly  adjacent  to  the  bench  underlain  by 
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basin  bads,  both  *ise  to  similar at 
precludes  extension  of  rock  underneath  the  bench  has  to 

the  same  stratigraphic  eve  ^ relation  therefore  suggests  that  the 

*alf  roeT^t^rtheS  trough  and  the  basin  beds  on  the > southern 
wa^  * u r*r\r\rart  * thus  the  northern  trough,  though 

benCh  ^nhicallv  lower  !s  structurally  higher  than  the  southern  bench, 
topographically  lower,  is  „rirtinal  Candor  Chasma  may  have 

To  obtain  this  configuration  ^^^^^ming  an  ancestral 
occupied  only  the  area  o ^ The  northern  trough  segment 

trough  that  became  filled  with  J>  beds>  The  formation  of 

apparently  dropped  after  the  eP  h postdated  the  emplacement 

this  later,  subsidiary  trough  aPPea^°^sP°^or  These  geologic 
of  ^yered  basin  ^ds  as  none  are  seen  o ^ the-linear  depression 

beds  and  chasma  wall  is  primarily  of 

St™°Sr=onf^ation  of  OPhif  Chasma  is  similar  ^that^of 

Candor  Chasma.  Again,  the  s°|\  **7  deeper  and  forms  a linear  trough 
by  basin  beds,  the  northern  th^.lst?f^!cSled  moat.  Ho  wall  rock 
between  basin  beds  and  chasma  ssion  because  its  floor  is 

remnants  are  seen  on  the  floor  geologic  and 

buried  by  young  landslide  deposi  • eagtern  Cnador  Chasma  and 

topographic  setting  is  simila  developed  similarly  to  Candor  and 

thatTSe  SpresSin  aJong^^north  side  of  Ophir  Chasma  may  also  have 

been  a later,  subsidiary,  struct ^^i^Baetis  Mensa,  and  an  unnamed 

The  inter^^a®a^  a“  separated  by  north-trending  valleys  4-5 
interior  mesa  farther  east  are  seyaio  • x.  lafer  fluvial  activity 

L deep.  Even  though  some  evidence^ints^v^r^leterifl^^  ^ 

within  one  of  these  valleys  lllJ/  lineations  and  minor  offsets 

the  floor  of  these  valleys  occur  valleys.  These  structures 

that  trend  parallel  to  the  long  axes  * the  of  the 

suggest  that  tectonism  was  a s processes  may  have  aided 

valleys,  even  though  erosion  yun  a north-trending  depression 

significantly  in  their  formation.  H ' t closure  0f  Ophir  Chasma 

between  basin  beds  and  wall  rock  a g th  chasma  wali  and  basin 

"C  rugging  “tt^s^at  in  also  Primatily  of 

StrU1“ Chasma,  M 

also  occupied  by  a bench.  This  en  ' chasma  which  has  surface 

km,  lias  about  2 km  abo«  northern  ;utcrops  on  the  bench  are 

elevations  of  -1  to  2 km . g ' hi  llv  iower  Melas  Chasma  floor  to 
of  basin  beds,  those  of  the  to^graph^ally  lower  Me  t0  those 

the  north  are  dominantly  wall  rock.  These  relati  ^ a £ault. 

of  Candor  chasma,  suggest  that  the  " , x supported  by  its 

=s  ssr.  r^Ssssir- 

SSTSS* r:~e1f  on  top  of  the  pi*-.  « the 
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app^entS'cSned  at  9rabans  ara 

S'aS  Ti^r 

sr  ■**-■  *"“«->  2>-s:".s;-;:;,si 

In  summary,  two  major  features  of  the  interior  of  th.  u.n 

r to  * 

modifications  were  only  subsidiary.  erosional 
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CANYON  SYSTEMS  ON  MARS  ,,  , y p E Geissler^ , A.S.  MCEwenV , 

B.K.  ^cchW.  O.D_Cl^,;  S K.  Croft  J,  Vows  FUgs-tf.  Ariz.; 

?4oSSrnlo'paSrKM-CaSr  Univ.  of  Art..,  Tucson.  Arlz., 

^Cornell,  Ithaca,  New  York 

e„c_m  of  Mars  just  south  of  the  equator,  extends 
The  canyon  system* ot  ” Lout  4 000  km  (from  about  long  40°  to 
approximately  east- west  for  ' . Labvrinthus  in  the  west,  the 

110’ ).  It  includes  the  network  of  Noctrs  Labyrintnus  chasmata 

linear  troughs  and  n^trou^^^sitiona!  to 

in  the  center,  and  the  eastward  wide  * ^ ^ as  much  as  100  ^ wide 

outflow  channels,  in  the  t of  a regional  rise  2-4  km 

and  8 km  deep  and  are  located  along  «Js^raph’c  high, 
high  that  extends  eastward  from  the  ™araia  tcoughs  Uel 

origin  of  Valles  Marinerlg.  J disrupted  the  Lunae  Planum 

“dit“rPr^nvrro  srss-. 

Incipient  opening  of  the  ^r°^^b™®yoc^urred  during  the  Early  Hesperian; 
Noachian  time,  but  it  mos  P durinq  the  Late  Hesperian  (3).  The 

SstSTS  ZloTTt  planum  and  impact  breccia  of  the 

^^o^uori^ihaamata  has  been ^rihuted^erosiona^or 
tectonic  (5)  processes.  Erosional  proc  ^ by  mass  wasting, 

of  ice-saturated  materia  o deflation  of  the  remaining  dust  (6). 

sublimation  of  water  or  ice,  an  been  initially  related  to 

Tectonic  processes  are  assume  ^mniacement  of  the  Tharsis  dome  to 

tensional  stresses  associated  with  caused  the  Valles 

theW6St  ' ’ ’ ’ a^r^e^  nr^ffnot  clear.  It  could  be 

sr  srs*s.r^ Vf;  ^ 

withdrawal  (9),  or  tensiona  e^Harineris  shows  a negative  anomaly  (11). 
profile  over  the  central  Most  likely,  a 

but  its  significance  remains  po°^y  esses  took  place,  but  faulting 

combination  of  tectonic  an  ero  straight  wall  segments  in 

dominated,  as  evidenced  by  the  ge  structural  lines  of  weakness  may 

central  Valles  Marineris.  Eo"^sa^gr^ed  Lst  material  in  Noctis 
have  widened  the  troughs  in  Pla^J®  f1  s ping  processes,  ice-lubricated 
Labyrinthus  and  in  "linage  Sd ^ka?st  collapse  (12)  may 

creep,  sublimation,  subsurf  material  In  the  eastern  chasmata, 

have  contributed  to  the  removal  of  ^troughs, 

channel- forming  processes  probabiy  en  g tn  faulting,  the 

interior  ^vered  Deposits:  ^ troughs  were 

canyon  walls  were  e^oded  o^levationrclose' to  those  of  the  present 

srsss^  rrj,  - - ^ — 
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are  more  massive  and  highly  susceptible  to  wind  erosion.  McCauley  et 
al.  (6)  suggested  that  the  deposits  are  lacustrine  because  of  their 
apparent  horizontality  and  lateral  continuity.  However,  the  volume  of 
the  interior  deposits  is  too  large  to  have  come  from  inflowing  or  mass- 
wasted  (13)  materials  alone,  because  tributary  valleys  are  short  and 
spur-and-gully  erosion  on  the  walls  probably  caused  only  minor 
recession.  The  amount  of  eolian  material  that  may  have  foundered 
through  the  ice  cap  on  a lake  (14)  is  probably  also  insufficient. 
Deposition  of  carbonates  (15)  may  have  helped  to  alleviate  the  volume 
constraints;  the  presence  of  carbonates  is  supported  by  bright,  white 
layers  in  Ganges  and  Capri  Chasmata  (16).  However,  the  existence  of 
resistant  dark  units  and  volumetric  insufficiences  support  a volcanic 
origin  for  some  of  the  material  (17);  perhaps  the  even  layering  is  due 
to  eruption  into  a paleolake  (14). 

After  emplacement  of  the  layered  deposits,  deep  "moats"  developed 
locally  between  wall  rock  and  interior  deposits,  leaving  interior  mesas 
standing  as  high  as  6 km  above  the  trough  floors.  The  origin  of  the 
moats  is  poorly  understood:  wind  erosion  appears  to  be  an  insufficient 

cause,  and  sublimation  of  ice  has  been  proposed  as  an  alternate 
mechanism  (14).  The  moats  may  be  partly  structural,  because  some  are 
bordered  by  faults.  Shortly  after  the  formation  of  the  moats,  the 
hypothetical  lake  noted  above  may  have  drained  through  Coprates  Chasma 

(18),  perhaps  resulting  in  a last  gigantic  flood  through  Simud  and  Tiu 
Valles. 

Irregular  Floor  Deposits:  After  the  troughs  had  nearly  reached 

their  present  configuration,  new  deposits  consisting  of  diverse  dark  and 
light  materials  were  emplaced  on  their  floors.  These  deposits  rest 
uncon formably  on  older  units  and  embay  interior  mesas,  landslides,  and 
tributary  canyons.  The  deposits  are  generally  thin,  but  in  western 
Candor  Chasma  they  may  reach  thicknesses  of  3 km.  Most  of  the  dark 
material  may  be  wind  drifts  derived  from  outcrops  of  older  dark  layers 
interbedded  in  wall  rock  or  interior  deposits,  but  dark  material  along 
faults  could  have  come  from  volcanic  vents  (19).  Also,  the  spectra  of 
the  dark  materials  are  compatible  with  mafic  volcanic  rock  or  glass 
(20).  Superposition  of  these  deposits  on  young  landslides  and  a dearth 
of  superposed  craters  suggest  a Late  Amazonian  age. 

A thin  mantle  of  dark  material  covers  the  floors  in  most  low  areas 
suggesting  emplacement  by  saltation  of  wind-drifted  materials.  Dunes 
are  also  dark  and  relatively  blue,  and  their  shape  indicates  wind 
directions  along  the  troughs.  By  contrast,  the  interior  mesas  are 
covered  by  light-colored  dust  that  is  relatively  red.  Interior  deposits 
show  deflation  flutes,  but  landslides,  talus  slopes,  and  wall  rock 
appear  unaffected  by  wind  erosion. 

Mass-Wasting  Processes:  Mass  wasting  modified  the  troughs  and 

contributed  to  their  widening.  Most  of  the  walls  are  eroded  into  spurs 
and  gullies  at  slope  angles  below  or  near  the  angle  of  repose. 

Tributary  canyons  have  V-shaped  cross  profiles,  low  gradients,  and  local 
hummocky  floor  deposits  that  probably  formed  by  sapping  of  ice  or  water- 
rich  wall  materials  (9).  The  Noctis  Labyrinthus  canyons  and  other 
narrow  canyons  that  parallel  the  major  chasmata  appear  to  have  formed  by 
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«4« s^^^isss- 

were  saturated  with  water,  the  size-dependent  fluidization  mechanisms 
for  dry- rock  debris  (22)  may  help  explain  the  extensive  runou 

--rials  voices.  ^ 

s 5S£- 

Si^ue  opportunity  to  determine  their  compositions  during  future  Hars 
missions. 
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COMPLEX  EARLY  RIFTING  IN  VALLES  MARINERTS*  RF^ttt  tc  rDnivi 

MARS^SOO 000<SCALEGRC  wT*?**  ?F  OPHIR  plaNUM  REGION  Of” 

Space  FUgtaTr  Gre^U , MD2mi  ' Ge°,l*namics  Br™h’  N^A  Goddard 

(n  t°Px!f  ,Planur? ‘s  a relict  Plateau  bounded  on  three  sides  by  Valles  Marineris  troughs 
Melas,  and  Candor/Ophir  Chasxnata).  The  plateau  is  deformed  by  a distinctive  array  of 
grabens  whose  orientations  differ  by  as  much  as  30°  from  the  nv#*r?iii 

Photogeologic  mapping  of  the  Ophir  Planum  quadrangle  (MTM  ^0067-  Fie  n w^imd^Pn^' 
so  ve  two  main  problems:  (1)  What  controlled  the^ati™^^^ 

Planum  grabens?  and  (2)  How  are  the  grabens  and  trough  faulting  related?  g °f  °phir 
is  cappS 

counts  suggest  that  these  plains  materials  are  conclave  to  Eariy C nXdri^on 
Planum  to  the  north  [1]  but  significantly,  no  wrinkle  ridges  n oSif  Sum  The 

fhTnwT^?  mat.enaIs  “f  Probably  Noachian  (Npl2?)  in  age,  as  is  the  trough  wall  rock  beneath 
?f^catea^ F ru  “?  ldentrfied  m Coprates  Chasma:  cratered  plains  (Hpf  in  Fig  2)  2 facies 
of  basin  beds  (Hvl)  landslide  materials  (As),  and  young  possible  volcanux (Avsd^see  r21i  A 
And  facies  of  basin  bed  is  distinguished  in  Ophir  Chasm!  £ the  north  CmteVcounte  s^Lesthat 

impi-g  - - c»p-  -5" 

£££$ 

^ t°  I?orflw®?t*  7116  orientations  of  grabens  on  Ophir  Planum  plateau  minor  this  change  and 

!S?n/aUltS  1°SUy  °?erge  ^gb  bounding  faults.  These  relationships  suggest  that  nfateau 
grabensare  as  old  as  the  trough  bounding  normal  faults  and  that  they  probably  formed  under  the 

dr^SS”6'  (5$ir  pifum  P?*™  P^bably  did  no.  tesul.  taSSuS 
■?  Shding  of  caProck  into  the  troughs  [3]  because  (a)  their  age  is  older  thanthf 
periods  of  landsliding  or  development  of  spur-and-gully  topography  on  trough  walls  which 

aftCr  in  tro^s;  (b)  they  do  not  al^p^lel  S plateaftounS 

th^^tilre<iUire<I  by  t?e  *?fchanisms  of  [3];  and  (c)  stress  analysis  of  lateral  unloading  shows  that 
th  grB,*iFs  OGC^  to°  fa^fro.m  bounding  scarps  to  have  resulted  from  scarp  retreat  8 

the  ste™^56"8  °"  ?!anum  define  a"  echelon  set  and  their  changing  orientations  within 
e/'h5«PO  CT  T6  C°Aw^nt  Wlth  mechanical  interaction  between  grabens  as  they  grew  into  the 
ghelon  ^y  [e.g.,  4]  (Fig.  3).  The  overall  orientation  of  Valles  Marineris  troughs^fconsistent  to 
“ spatr^y  uniform,  Tharsis  generated  remote  stress  state  inTe^oSlg 
SnifT;!  ri  g"  curving  geometnes  of  Ophir  Planum  grabens  and  trough  bounding 

theti^SvrifeS  ^ mdicatethat  the  tal  stress  state  in  this  area  was  spatially  vanable  during 
mc^rt^n  In!1168  ^iannenS  faulung  and  trough  growth.  The  cause  of  this  spatial  variability  is  still 

eSS  Penu  °"  by  8rowing  ODUghS  ,hat  8180  inttr“  ^“Ty  is  al! 

ft  a ^he  rich  geologic  history  of  the  Ophir  Planum  quadrangle  (Table  1)  underscore.:  the 
fundamental  importance  of  faulting  in  the  early  growth  of  Valles  Marineris. 

.986.  salrTm.^l-Z.  Sr  kl 

Kitw  10017  IOOm" 'rrw't'"' VSGS Map '■ 20,0 ' “ ^ W) Mb»4D'.D."and uj 
juk,  oy,  10,017-10,028,  1984.  [5]  Banerdt,  W3.  et  al„  JGR,  87,  9723-9733,  1982.  y 
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Ophir  Planum  grabans 


Fig.!.  Quadrangle  location.  Fig.3.  Growth  model  for  Ophir  Planum  grabens. 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


Fig.  2. 

stratigraphy:  ophir  planum  quad 

PLATEAU  TROUOH  VOLCANIC 


::  As 

lltTftlt 


Table  1:  Geologic  Synopsis. 

1 . FORMATION  OF  OLDER  NOACHIAN  UNITS 

0 Npl2,  Noachian  wall  materials 

2.  DEPOSITION  OF  OPHIR  PLANUM  PLATEAU  UNIT 

0 Resurface  and  embay  Npl2 

0 No  wrinkle  ridges 

3.  FAULTING 
Trough  Formation 

0 Growth  of  Coprates,  bounding  faults- 

linear  to  concave  NE 

0 Ophir  Planum  relatively  undeformed 

0 Minor  faulting  & volcanism  (pits,  flows)  on  OP 
//  to  Coprates 

Deformation  of  Ophir  Planum 

0 Growth  of  oblique  graben  arrays  on  & beyond  OP 
0 Graben  depth  —1  km  < D < 5 ??  km 

4.  TROUGH  MODIFICATION 

0 Erosional  retreat  of  wall  scarps 

0 Deposition  of  regional  & local  floor  layers  (Hvf) 

0 Faulting  of  basin  beds,  wall  scarps  (?) 

0 Erosion  of  most  Hvf  in  Coprates,  minor  in  Melas 
0 Landslides;  mafic  volcanism  (?) 
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MEVTV  STUDY:  EARLY  TECTONIC  EVOLUTION  OF  MARS  - CRUST AI 
D.CHOTOMYTO  VALLES  MARINERIS;  H.  V.  Frey  and  R.  A.  Schultz,  Gcodyna^ 
Branch,  Goddard  Space  Flight  Center,  Greenbelt  MD  2077 1 y 


In  this  study  we  addressed  several  fundamental  problems  in  the  early  impact,  tectonic  and 
volcanic  evolution  of  the  martian  lithosphere:  (a)  origin  and  evolution  of  the  fundamental  crustal 
dichotomy,  including  development  of  the  highland/lowland  transition  zone;  (b)  growth  and 
evolution  of  the  Valles  Marineris;  and  (c)  nature  and  role  of  major  resurfacing  events  in  early 
martian  history.  Below  we  briefly  summarize  our  results  in  these  areas. 

(a)  Origin  and  Evolution  of  the  Martian  Crustal  Dichotomy 

Both  internal  and  external  processes  have  been  invoked  to  explain  this  fundamental 
characteristic  of  the  martian  lithosphere.  We  suggest  that  major,  basin-forming  impacts  have 
played  a prominent  role  in  the  origin  and  development  of  the  crustal  dichotomy  (12  3)  Our 
study  revealed  little  direct  support  for  the  single  giant  impact  hypothesis  (4),  but  did  suggest  a 
number  of  new,  previously  unrecognized  large  impacts  basins  (5).  Independent  evidence  for  the 
Daedalia,  Utopia  and  Elysium  Basins  has  been  presented  by  others  (6,7,8).  Most  of  the  largest 
recognized  basins  are  in  the  northern  or  western  hemispheres;  we  believe  that  the  overlap  of 
these  basins  is  responsible  for  the  lower  topography  and  prolonged  volcanism  which 
characterizes  the  northern  lowland  plains,  and  perhaps  also  for  the  growth  of  major  volcano- 
tectonic  complexes  such  as  Elysium  and  Tharsis  (3,9).  A speculative  model  for  the  evolution  of 
the  northern  lowlands  in  the  Utopia-Elysium  region  was  developed  within  this  context  (9,10). 
More  work  needs  to  be  done  to  refine  the  inventory  of  major  impact  basins  for  Mars  and  to  relate 
these  basins  to  the  earliest  crustal  development  of  the  planet.  We  have  found  evidence  in  the 
cumulative  frequency  curves  as  well  as  in  the  morphology  of  the  basins  for  a signficant  change 
in  properties  at  Argyre-sized  basins  (D-1850  km)  and  at  Chryse  size  basins  (D-3600  km)  (5) 
These  changes  may  be  related  to  lithospheric  structure  at  the  time  of  basin  formation  or  to 
tundamental  differences  in  the  impacting  population. 


(b)  Growth  and  Evolution  of  the  Valles  Marineris 

Valles  Marineris  is  a complex  system  of  ancient  grabens  that  were  modified  by  erosion 
and  deposition.  Our  detailed  studies  addressed  several  fundamental  issues  on  trough  origin  and 
growt  . e ative  orientations  of  Coprates  Chasma  and  wrinkle  ridges  and  grabens  located  on  the 
adjacent  southern  plateau  suggest  that  the  ridges  and  grabens  grew  under  multiple  stress  states 
and  probably  predate  Coprates  Chasma  itself  (11).  New  structural  mapping  of  the  region  ( 1 2, 1 3) 
details  the  discontinuous  distribution  and  interrelationships  of  wrinkle  ridges,  grabens  and  pit- 
crater  chains  around  the  troughs.  Although  the  trough  system  is  often  assumed  to  have  nucleated 
as  small  pit-craters,  pit-crater  chains  appear  to  be  distinct  structures,  not  trough  precursors  (14). 
Unambiguous  evidence  for  strike-slip  faulting  was  found  in  Early  Hesperian  ridged  plains 
materials  to  the  south  in  Coprates  (15,16,17).  Detailed  mapping  of  the  echelon  set  of  plateau 
grabens  located  on  Ophir  Planum  and  the  adjacent  Coprates  trough  bounding  faults  is 
unravelling  the  sequence  of  faulting  in  central  Valles  Marineris.  The  curving  geometries  of 
grabens  in  Ophir  and  trough  faults  near  Melas  Chasma  indicate  that  the  local  stress  state  was 
spatially  variable,  but  probably  regionally  uniform,  during  early  trough  growth  (18)  Our  work 
reveals  unexpected  complexities  in  the  growth  and  tectonic  development  of  the  Valles  Marineris 


region. 


(c)  Major  Resurfacing  Events  in  Martian  History 

Resurfacing  has  been  a major  process  during  most  of  martian  historv,  but  detailing  the 
characteristics  of  major  events  has  been  difficult.  We  have  adapted  the  Neukum  and  Hiller 
technique  (19)  for  larger  crater  diameters  in  order  to  study  older  terrains  and  the  resurfacing 
which  has  modified  them.  We  showed  that  a major  resurfacing  event  within  and  around  the 
highland/lowland  transition  zone  occured  at  the  time  of  ridged  plains  emplacement  in  Lunae 
Planum  and  elsewhere  (20).  Similar  study  of  the  Tempe  Terra  region  in  western  Mars  shows 
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that  comparable  resurfacing  at  about  Aes  s ^ there  was  a major,  perhaps  planet- 

Terra,  Lunae  Planum  and  Coprates  (22,23).  PP  . n of  Lunae  Pianum  Age  (LPA)  ndged 
wide  resurfacing  on  Mars  corresponding  to  p related  to  intercrater 

plains.  We  also  find  evidence  for  an  older ^resurfacing event ^ ^ (24)  In  ^ 

plains  development  (cratered  plateau  maten)  | Lp^  affecting  the  cratered  terrain 

Tempe  region  a common-age  resurfacing  event  y g correjate  with  the  Vastitas  Borealis 

and  adjacent  plains-forming  lowland  units  pp  . . e thickness  of  materials  associated 

Formation  (21.24).  We  have  also , extract,*  associated 

with  different  resurfacing  events  from  the  cum  . *j  location:  in  the  Lunae  Planum, 

with  the  major  LPA  resurfacing  vaiy grea _y  Common8(21, 23,25)  but  in  the  adjacent  cratered 
Tempe  and  Coprates  ndged  plains  3 - , , corre’pSonding  value  is  less  than  100  m. 

terrain  in  Xanthe  Terra,  Tempe  Tei™  an  stratigraphy  based  on  major  resurfacing  events 

™ both  daK  lhe  resurfac,ng  ewe"ts  and  also 

ridged  plains  in  Memnonia  and  Argyre  may  ^ chow  through  from  an  older  surface 

sufficiently  thin  that  a large  number  o . medium -stzed ' confined  than 

^u»"o^  SrXa^Sns  for  the  theja.  hi: story  of  Mar, 
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",  Repot,  ?9-Sap38  40  W89.  <26)Fre?,  H.  V , C.  E.  Doudnikoff  and  A.  M.  Mongeon, 
LPS  XXI(this  volume),  1990. 
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ORIGIN  OF  THE  ECHELON  GEOMETRIES  OF  JOINTS  AND  FAIII  T<! 

^/^NET^RJ.SURF>CES-  RiChard  A-  Oeody^L  Bran^h  NASA 

Goddard  Space  Flight  Center,  Greenbelt.MD  20771. 

..  -Il  1S  wel1  known  that  the  map  traces  of  joints  and  strike-slip  faults  are  characteristically 
discontinuous  and  that  fracture  segments  or  strands  are  noncolinear  (e.g.,  ref  fl  21)  Adiacent 
discrete  segments  step  aside  and  overlap  slightly  to  form  what  is  commonly  known  as  echelon  joint 
fault  geometty  This  conspicuous  geometry  is  quite  common  on  Earth  [3,4],  Mars  [5]  and 

Su?Par6  f E,chel°"  ?tePoyers  in  map  view  are  found  in  joints,  continental  and  oceanic  rifts  and 
stnke-slip  faults  and  in  the  down-dip  direction  of  joints  and  dip-slip  faults  [7].  The  underlying 
mechanical  controls  on  the  development  of  echelon  geometries  are  similar  for  both  joints  and  faults 
[8,9].  An  important  characteristic  of  echelon  geometry  is  its  scale  independence.  Echelon 

S?HCrS  are/°Urmai??g  rmcron  sized  CTacks  in  8lass  as  we»  as  in  kilometer  scale  oceanic 
spreading  centers  [10,1 1],  giving  rise  to  fractal  descriptions  of  joint  and  fault  geometry  Plots  of 

ShHon1 on,fractures  (e-g..  ref.  [4,9,5])  suggest  that  formation  of  the 
Sf  m?i?  ™ 07 1S  re  at^1  to  lte  Ipeal  stresses  associated  with  the  tips  of  joints  and  faults  (e.g., 
ef.  [12]).  The  process  of  mechanical  interaction  between  closely  spaced  joints  and  faults  can 
produce  echelon  geometry  [8,9]  and  details  of  the  analysis  can  be  found  in  those  papers 

Briefly,  consider  two  echelon  fractures  having  lengths  2b,  center  spacing  2k  overlan  2n 
21  Ff  »•  I »« the  dispiacemen,  diiUnSty  version  ofTe  ^und^  elemem 
method  [13]  to  calculate  the  stress  fields  near  echelon  fractures.  This  method  is  superior  to  the 
me?°d  for_so!vin|  plastic  crack  and  fault  problems  because  the  inner  boundary 
conchtions  are  easily  specified  and  the  displacements  along  the  fractures  are  efficiently  calculated 
chscontinuity  method  is  based  on  the  displacement  potential  functions  for  a line 
segment  (boundary  element)  with  constant  displacement  discontinuity  (i.e.,  dislocation)  in  an 
infinite  linearly  elastic  plate.  In  this  analysis,  the  fractures  are  idealized  ascracks  inmlS 
dimensional  plate  and  are  divided  into  several  elements.  Far  field  remote  SnSS 

Scmre  ^ * h 5act?res-  711686  disPlacements  produce  a stress  concentration  around 
m • magnitude  of  stress  concentration  at  the  inner  tips  of  echelon  fractures  is  related 

to  the  stress  intensity  factor,  K,  which  is  calculated  here  from  near-tip  displacements  [Lfl 
mteraction  between  echelon  fractures  is  modeled  by  relating  K to  the  strain  energy 

enerfy"«  G (Fig.  2).  Fracture  frowth  occurs  when  G 
iimwrincf^  critical  value  for  a given  material,  Gcrit.  These  calculations  show  that  growth  of  the 

is  ”* enhanccd  by  ^ «■* 
process^^fOTn^l^j^m  sire.^p^ng.^^qwncy^^d'rock  sttra^YlL  ^tat^^iOTTbe^wn 

growing  stnke-slip  faults  profoundly  influences  the  occurrence  and  self-similarity  of  pull-apart 

(s^  rermrpXr11^ [9]  aS  WeI1  as  the  s-eismicity  associated  with  normal  and^e  verse  faults 
(.see  ret.  [7]).  Echelon  fracture  geometry  is  found  on  planetary  bodies  having  different  surface 

Sd^rinl^fCOmP2Sltl?nS-  (efM  MarS>  Eur°Pa)»  suggesting  that  the  mechanicsof  fracture  growth 
and  bnttie  deformation  is  similar  on  many,  if  not  all,  solar  system  bodies.  Rock  mechanics  testing 

frll?,^ch  (e  g’’ ref- [151)  Provides  an  important  link  between  quantification  of  planetary 

fractures  and  remote  stresses  necessary  for  growth  of  the  observed  fracture  systemSP  There 

Sim  !h?°nS  lh°W  t?at  quantitative  information  on  brittle  deformation  can  be  obtained 

from  the  mechanical  analysis  of  common  joint  and  fault  geometries. 

r\  DIFFERENCES:  [1]  Segall,  P.,  Geol.  Soc.  Am.  Bull.,  95,  454-462,  1984.  [2]  Sham  R V T/SCS 
9Pe?  Fj}e  ^epori>  79-1239,  1979.  [3]  Pollard,  D.D.  and  A.  Aydin,  Geol.  Soc.  Am.  Bull.,  100,  1181-1204  1988 
[4]Aydin^Vand  A.  Nur,  Tectonics,  1,  11-21,  1982.  [5]  Schultz.  RA.,  Nature.  341, 424^26,’  1989  [6]  Schenk 
P.M.  and  W.B.  McKinnon,  Icarus,  79,  75-100,  1989.  (7)  Aydin,  A.  and  A.  Nur,  in  Strike-Slip  Deformation  Basin 
Formation  and  Sedimentation,  SEPM  Spec.  Publ.,  37.  35-44,  1985.  [81  Pollard,  D.D.,  P.  Segall  and  PT 

BUIL  93'  1291  1303*  1982-  [91  Aydin,  A.  and  R.A.  Schultz,  /.  Struct.  Geol,  hi  press 
1989.  [10]  Pollard,  D.D.  and  A.  Aydin,  J.  Geophys.  Res.,  89,  10,017-10,028,  1984.  [11]  Sempere.  J.-C.  and  K.C. 
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Macdonald,  Tccomcr .5,  151-163,  Efejn,  M«to*  in  Solid  Mah^.&W  ^ * 

;»  “?*£«. dA&l-m  198*.  tlSl  Bd««=".  M..  W.B.  Dndnnn,  and  S, 

Kirby!’/-  Geophys.  Res.,  93,  7625-7633,  1988. 


stresses  03  and  Gi . 


OVERLAP,  o/k 


? 2 Dependence  of  fault  propagation 

Irgy  G on  length  bik  and  S9ara%°"j  kt  °{ 
hefon  faults.  Overlap  of  '”™rJml“*lt 
mrs  for  positive  values  of  oik.  rauu 
owth  begins  at  A and  stops  at  B,  producing 

1 overlapped  geometry. 
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R^°Pi?irSICn  AT  ?IARS:  IMPORTANT  ISSUES 

sity,  DM!a8PSra7r275ment  °f  <M*ai  Scien“8-  Methodist  Univer- 

coupled  to  the  evolutkuT ofTh^martian  e1S1'!tl?n  °J  Mars  is  strongly 

heat  to  the  martian  lXspherere^lo^ii  ; W^oh58  dellvered  »«  and 
tion  of  the  martian  maTadumwtSST  Understanding  the  evolu- 

tightly  coupled  because  in  the  absenJe  of  seismk  d«SC  *nd  volca^c  history  are 
gravity  data  are  the  maior  wavs  to  mncfrai^  surface  information  and 

the  wU1  satisfy 

is  general  agreementlha^this ^ bo^d°a^fs®°osuSSuGI>B)  *"  llm7d  There 
scenario  that  attempts  to  explain  the  2o«o  !?®tatlcaUy  comPensated , and  any 

nSS?  °f  “ iS°3tatiCaUy  comPensated  GDB  anf  “nT^r^ensri 

Elystem  p^nST'ce^ffc  CO““ntrated  « «»  Marais  and 

atructuraF  uplifT^nd  yo“^c  Jn^c“r  i^ W *7  the"*«‘i™  coles  of 
graphic  relief  [1,2].  The  origin  classification  if  creation  of  immense  topo- 
tnrea  hes  also  been  a subject  of  f^d  sSdy  [?41  °f  ^“c  fee- 

associated8  with  ThaSis  (and^Tksser^Sffe™^®”^  te<'to.niC  Patterns 
mulation  of  a number  of  theorptiMl  aiaof  Elysium)  have  led  to  the  for- 

[6-8],  Such  modSrlre  CASES' to  Jh  “k  “°87,ic  models  «f  the  interior 
satisfy  the  equations  of  ^hSSd L^l ^ tT*raP1V. 
type,  magnitude,  and  direction  in  th?  and  are  use<J  to  predict  stress 

estimate  of  the  nomhySatic  com^nen?  of  dePend  on  the 

gravity,  J This  estimate  and  the  conMponin/esttofteofthf nS  harmo“c 
of  rnertia  heye  been  the  subject  of  recent  debate  ?9  lST  to  f **“  mean  moment 

with  relativeCa^afe^y°establfshedCm,>an^f1ib*e<1  ‘nt°  ^atigraphic  groups 
specific  mechaifica” ZLhftf  ufe tat£L“ik  these  ?rouJ,s  can  •»  related  to 

can  be  worked  out. G^llv Z ^“anos  &r  interior  evolution 

fluEFfi*4  “I  isoB?tk’  <«>  flexural  loadtag,  aLXriEral“uDUft  ^ *71 
(i)  the  flexural  rigidity  D is  set  to  70™  an/fk0  J J uexurai  uplift.  In  model 

solely  by  membrane  and  gravitational  forces  dl?tnbutlon  is  governed 

?d!«fcent  stress  distribfC  ^ch  t^nds  ln ‘X^rTeT.Jb  " '?*  40 

(iii);  e.g.,  buoyant  uplift],  ModS’(i)  camJot^stinm.ish^  fel°,W  [model 
isostatic  uplift.  ^ distinguish  isostatic  loading  from 

Noachian  in  age  [3 aF|texut^T uplift6 mod  l*  ^77  afe  mapped  as  Early 

features  (USrT™  suggest  aHtSSS^  tf*™1  *“  '-api^dSnfc 
tonic  evolution  of  T^“ 


periphery  of  Tharris  are 

tonic  features  in  the  immediate  Th  predictions  with  tectonic  features  is 

models  [6J]mDt^“ferfT^gt  ig  p|rtL  due  to  the  extremely  poor  knowledge  of 
more  problematical,  inis  is  pan  y j_untr  efforts  nave  no  choice  but 

martian  topography  and  partly  eca  topography  to  predict  an- 

to  use  the  present-day  values  of  the ' f ,®e‘lXte^s  spherical  harmonic 

cient  stress  fields.  The  most  complete  ^elingto  date  uses  p [g]  ^ 

coefficients  of  the  field  quantaties  to  d«  ?mrth  degree  molels,  it  may  also  be 
model  has  more  resoution  than  earlier .fourth  degree  mo  , not'’match  as 

noisier.  Locally,  predictions  are  «^“M"iH“ri]leri!).  Attempts  to 

SiZffij'resTutU  ofX  S:-Vyhs1csW0  ^"ihanical 

J2S5fS; interior  density  distaTb^on^ted  tematch  the  f 

topography  boundary  conditions.  Is  mantle  and  a thinned  crust  beneath 

a low  density  Pratt-like  i region  1: n the  upp  ckened  crust.  The  Pratt  zone  in 

Tharsis.  Flexural  loading  models  carry  terms  of  a low  density  mantle 
the  isostatic  model  can  be  intern  produced  basaltic  magmas  [12]. 

residuum  formed  by  partial  melting  t P ^h  gravity  and  topography 
Isostatic  models  have  been  formulated  that  f ^^f^^/^quence.  More 
boundary  conditions  and  conserve  mass  m apart^  | reqquirement  for 
recent  work  [11]  has  concentrate  eievation  of  Claritas  Fossae, 

uplift,  as  suggested  by  the  fau  provided  by  a low  density  residuum,  a 

While  most  of  the  buoyancy  ^P^^Pf^t  tlhs  effect  unless  it  is  only  a 
crustal  extrusive  load  will  beneath  Tharsis.  Thus  most  of  the 

small  portion  of  the  melt  products  g bodies  in  the  crust  and  upper 

Tharsis  magmas  may  have  ended  up  of  Tharsis  (Hesperian  time  and 

mantle.  During  the  period  of  mtense _tec  o parts  of  Mars 

earlier),  volcanism  was  not  as  ad tive  at  Thams  ^ fo/about  half  of 

[13].  Later  (Late  Hesperian,  ^oman)  ™arsis  accoun  ^ history 

the  planet’s  volcanism.  of  the  surface.  Sub- 

of  Tharsis,  massive  intrusion  led  to  toctomc  ms^ip  tectonism  waned.  The 

^ptoTmassTve  ^fonXlngToX.^en^  of  Tharsis  blurs  the  dis- 
tinction between  uplift  an^.^?tr^£H°^^~apning  of  Tharsis  has  reached  a 
Future  Directions.  While  geological  mappmgoiin^  ^ yet  to  be 

high  level  of  maturity,  there  are  modeling  has  not  been  considered, 

carried  out.  Tim^dependent  ttemodartic in  the  form  0f  in- 
nor  has  stress  modehng  with  the  majo  y j d temporal  variation  of 

trusive  bodies  Considerable  work  on  “e  sP/“"““ture  patent  [15]  has 
elastic  lithosphenc  thickness  [ J scale  stress  modeling  described  above, 

not  been  incorporated  into  improve- 

The  accuracy  and  resolution  of  stress  mode  g to  ^ acqulred  by  Mars 

ment  with  the  topography  ^ ^ £ r tbe  origin  and  evolution  of  Tharsis, 

Observer.  Finalfy.  some  of  the  models  for  the  wi^n^  ^ & functioa  of  age, 

rantsP^teTsCtedC witdata  acquiredTy  the  remote  sensing  instruments  on 

Mars  Observer. 
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PK-i?efe^CeS;  P]  S C « and  J W-  Head,  JGR,  87,  9755,  1982;  [21 
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THE  THARSIS  STRESS  PARADOX:  A POSSIBLE  SOLUTION 

E w.  B.  Banerdt  and  M.  P.  Golombek,  Jet  Propulsion  LatorMory, 

California  Institute  of  Technology,  Pasadena,  CA  9 

UUroduamiU  Tharsts  is 

hundreds  of  kilometers  beyond  the  rise  and  « n g y < nvolving  a full  hemisphere  of 
formed  over  2,000  km  from  the  center  of  J the  pianct.  This  has 

Mars,  gives  it  a central  role  in  the  thermal  of  events  responsible  for 

stimulated  a number  of  studies  attempting  investigations  relied  on  the  distinct  stress 

this  unique  feature  [e.g.,  1-5].  Ma  y f tnnograDhic  support  to  help  constrain  the  relative 
patterns  generated  by  various  mechanisms  F»^P p ingPPsults?  however,  have  cast  doubt 

timing  of  phases  in  the  history  abstract  we  first  review  the  constraints  that  gravity  and 

on  the  validity  of  this  exercise.  In  this  abstr  with  he  resiqts  Qf  theoretical 

pS^TnaUy.f  modeler8 the  structure  of  Tharsis  is  proposed 

which  provides  a possible  solution. 

r.ravitv  and  Topography:  The  comaS^the  lowest  harmonics 

correlation,  with  a large  proportionofthe  spec^ap  spectral  admittance 

(degrees  2-3).  The  apparent  depth  of  compensation  oenvea  2 £ about  m km  for 

depends  strongly  on  wavelength,  ranging  ro  ig  a large  exceSs  of  gravity  at  long 

the  shorter  wavelengths  [6].  Stated  Plairj*Y’ , s;mnie  comnensation  models.  There  are 
wavelengths  relative  to  that  which  can  be  X L 0ne  is  isostatic  compensation 

a limited  number  of  ways  ^realistically negative  anomaly 
utilizing  a density  dipole,  with  a static  support  by  a thick 

[4,  7].  This  model  requires  massive  removal  ot  frusta  , Another  approach  is 

(-300-400  km),  immobile  layer ^®a8g^tt^yvSl  imply  a single  immense  plume  that 

r^Spfe^et0loahde  [2]h°Inhthis  cTsfa'I^ 

£2  incapable*  of  supporting  Jesses  of  several 

hundred  MPa. 

Fauliing;  The  timing  and  extent  of  falf 

involving  both  local/regional  events  an  u models  three  distinct  events  have  been 

wide  patterns  relevant  to  the  theoretical  str that  marks  the  first 

recognized.  In  the  upper  No^ch’^a  [^  1 f ^arsis  This  fracture  system,  centered  on  Syria 
unequivocal  tectonic  event  in  the  format  o • hevond  its  flanks  in  exposed 

Planum  [10],  can  be  traced  from  «rte««  of  fissure  volcanics 

Noachtan-aged  units.  In  the  >°wor  He  P • simUarly-aged  plains  surrounding 

formed  the  surface  now  recognized  a Hpnosition  of  the  plains,  concentric  wrinkle 

Tharsis  (the  so-called  ndged  plains).  Sho  y P Hesperian  times  another 

ridges  formed  [11]  that  are  also  centered  in  Syria  Planum  By  upper^^p^^^  Mons  (!0). 

enormous  radial  normal  fau  ting  event  ' h Amazonian)  to  form  the  prominent 

This  was  followed  by  long- hved  volcantsm  (through* U the  Ama^man,  P ^ ^ 

centra!  Fossae,  an  uplifted 

horst5  ™ Noachitn-aged  terrain  that  is  covered  by  all  Hespenan  and  Amazonian  units  [5,  ]. 
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s.e„i  bui  this  frac,ure  sys,em  is  °niy 

M&^m 

SK3£^ 

flexural  cases  (-50  MPa  IT  20(MC)0  M Pa fs magnitude  than  those  for  *c 
its  structure?  record  P OnlZh?  "Tf?  cmst™n's  on  lhe  solution  of  Thesis  as  reflected  in 

S the  ridge  zone  outward  and  the  latter  extending  it  inward  (2  41  Th„c  ti 

h££?^ 

f t X' t •£ 

ssfua  w 

Stress  paraflox;  The  conditions  under  which  the  inner  and  outer  radial  e 

sphencal  lithosphere  have  been  shown  to  be 

rN,^phr^:;zpb°xbu^ 

S2Ss?f^  ^£53 

lithosphere  may  have  two  strength  maxima  separated  by  a ductile  layer  in  the  lower  cn .«  thp 
extstence  and  sdength  of  this  due, tie  iayer  will  depend  on  ,he  eS ThSjk^Ld  thenS 
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gradient,  with  larger  values  of  either  of  these  parameters  making  such  a layer  more 

pronounced,  avi^  observations  deScribed  above,  along  with  the  *“^3' 

creating  a realistic  isostatic  structure,  argue  for  current  flexural  suppon  of  ^ of  thc  jnner 

gasg,  b ^^nrs»ieS! 

is  a natural  consequence  of  the  thickened  irusta  ] & 

extmsive  an^—^amc  = “ it  n-ra.  load  on  the  e^mhosphere 

However  within  Tharsis  itself  the  thickened  cru  8 that  wm  decouple  the  brittle 

prolonged  magmatism  will  act  to  fonri  a w situation  the  upper  mantle  strong 

upper  crust  from  the  strong  zone “ ' as  par,  of  the  global 

iaver  which  constitutes  most  of  the  lithosp  ch^il  Rnt  the  relatively 

S,  transferring  flexural  stresses  iV?d  a 

ex'ptain^Tb^hSer  crasT and'  higher  heat  flol  beneath  the  volcanic  provtnee^of  rharsts  and 
Elysium,  resulting  in  a mechanical  ^coupling  of as  a flexural  load  on  the 

Su^attsm  Wars  to  be  consistent  with 
most  geophysical  and  geological  constraints. 

References:  H lWiseet  al/carus38,  JGR  90 ! 4469 ! 1985’; 

| inGp«!J;  ?97|o;' ^fph/l.iis  anfsaunders  1975; 
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Astronomy,  West  Chester  University,  West 

v“  the6  SSS. 

^r^s-x&s  srs:  ;::£;^b  - 

the  stresses  and  calculated  stress  traiectoripc  u ^ln 

observed  tectonic  features  T^e  stress  ff^H  a ***  COmPared  t0  the 

strongly  radial  to  an  area  near  Pavonis  Mons  I^these  model^86  m°delS  ^ 
a^eaStreSS  lnferred  fr°m  the  structures  should  be  strongly  radial  to^his’ 

elationship  on  the  net  to  the  vector  normals.  The  recnl  hint,  ® 

imuth'o^the 'vector  ZZl'to^ 

1%  area6  dl?tri*uted  in  a broad  g^dle  with  a maximum  concentration  of  5%  per 
1%  area  centered  at  approximately  5°S,  110°W  Cfie  Tt,o  n -n-  per 

intersections  of  the  graben  data^re  .ksmbute^ln^sy^tr  " 

elongated  in  a N-S  direction  with  a maximum  concentration  of  JL  per  S' area 
roughly  centered  at  3°S,  110°W  (fig  2)  1Z*  per  i%  area 

inteSctSrw  the"te"  th6  l0cati'‘"s'«f  "AXimia,  concentrations  of 
isostatic  and  n , 7 T °f  supports  models  where 

and  gravity  ?1  2 3ir  H 8 stresses  result  from  the  observed  topography 

and  gravity  (1,2,3).  However,  m the  isostatic  case  of  Banerdt  et  al  n\ 
the  predicted  compressional  stresses  would  result  in  a stronulv  a ■ 11  ^ ’ 

symmetric  ridge  system  (maximum  concentration  of  45%  per  1%  area1^^  la^  a 
rouehlv  S’w  ^ns°TT^  c-  i.  , L Per  i%  area  located  at 

by  are 

and^nr^^r-^SrtL^^eeff^^^-err^Lt^Sr"0*- 

total  stress  responsible  for  the  wrinkle  ridges  is  nor  S°me  co'”panent  of  the 
models.  Additional  components  of  streL  may8  ha^e  *" 

gravitationally  induced  down-surface  slope  stresses  (9)  generated  when  the 
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INFERRED  STRESS  FIELDS:  Watters,  T.  R.  et  al. 

regional  topographic  slope  vas  greater  than  at  present,  and  2)  local  and/or 

s-s-ST a-*. 

wise ; ffi.rr,:  LLS 

Plescia,  J.B.  and  1 . ponders  JCS; ^7,  9775^9791,  r ft  JGE> 

T.R.  and  T.A.  Ma*we  ’ ’ 'jeer  XX  345-346  1989.  (9)  Elliott,  D.  , 

90,  1985.  (8)  Golombek,  M.P.,  LPSC  XX,  343  ^ o, 

JGR,  81,  949-963,  1976.  lluilTe.  L. . 

Tharsis  Ridge 
System 

k nax  5 . OX 

m > i . ox 

■ > 2. cm 

n > 3. OX 

■ > 4 . OX 

■ > 4.5X 
□ > 4 . 9X 


Fig.  1.  Contours  1-2-3-4-4 . 5-4 . 9%  per  1%  area. 


Tharsis  Fault 
System 


m 

> 

2 . 0% 

■ 

> 

A . 0% 

m 

> 

6 . 0% 

m 

> 

8 . 0% 

m 

> 

10.0% 

□ 

> 

12.0% 

max 

12.2% 

Fig.  2.  Contours  2-4-6-8-10-12%  per  1%  area. 
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CALDERA  DISSofUTIRN  IT  IN  ™E  FL°°R  °F  ™E  0LYMPUS  MONS 

CALDERA.  Thomas  R.  Watters  and  D.  John  Chadwick,  Center  for  Earth  ,nH 

Washington  DdCL<iS20560iOa^  s»‘*»onian  Institution, 

University,  Ithaca,  Ky'i4853  “ DePart"ent  of  Astronomy,  Cornell 

^^  Hawaii^r^r  ^"0!*°""  S’ 

f,”  e,  ' approximately  65  km  in  diameter,  has  a well  develoned 

m eren  lal  graben  system  in  the  margins  of  the  floor  Cfip  1 "i  rj  • , , 
rrdges  are  present  in  the  interior  of  the®  floor  but  ha^  bL^sharolv 
runcated  by  at  least  three  successive  collapse  episodes.  P Y 

likely^he 'result  o^subsidence'of  thrcentrfl'portion^f  is 

floor  o1Pt£a?argfc^tfrb(f!g  1 lx  (4>;.SUJsid—  - -ide^t  ac^J  ^he ' 

:-^r^feti:  nsr to  be  iosi  of 

m a f^pt£52.-Ki 

- — — to  the  zzzx  if 

c rate ^is 'not 'bU'h°n  °f  2**  circumferen tial  graben  on  the  floor  of  large 
greates^near  £ 

most  extensive  fracturing  of  the  floor  is  on  the  southerlelge  leaf  1L  r2 
Ihesf  fKCrat*r  3 <fIS'  h-  The  ^rage  slope  of  the  floor  iA  ™“,f«  of 
floor  Srtoelh1S  r°!fly  *1  <flB'  2>'  the  lar§eSt  Sl°Pes  observed  on  the 
the  floor  is  lehs  fi;hhlySr>  Susar%Le"lrrefsra,T  a"d  ^ T”8*  Sl°Pe  »f 

• -i  -o  & J ) ■ liKlS  , CilS  3.2TGa.S  of  21T63tOSt  si  nnp 

ss=r 

X‘."i.°<f  rwesfr:ii:itlon  ihe  ff:  nf^iriifa'frihr 

compatible  al  l 1 2 h kl  aXte"S10n  across  tha  graben  (see  7),  are  roughly 

Structures  lh::„  Based  on  the  topography  and  the  distribution  of 

doJ!  a a:  ? subsidence  appears  to  have  been  asymmetric  with  greater 

wnward  displacement  and  deformation  of  the  southern  half  of  thf  floor 
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OLYMPUS  MONS  CALDERA: 


Watters,  T.R.  et  al . 


“reSMCHted}GR,  78.  4049-4062.1973  (2) 

s^TZ’’3Z’ 

432-435,  1984.  (5)  Zuber,  M.T.  and  P.J.  254?  1988 

89-06,  74-75,  1989.  (6)  Watters,  T R , J<?*’93>  10’2 
(7)  Golombek,  M.P.,  JGR,  84,  4657-4666,  1979. 


Fig.  1.  Nested  summit  caldera  of  Olympus  Mons 


km 


Fig.  2.  Topographic  profiles  of  a portion  of  the  caldera  with  the 
location  of  prominent  wrinkle  ridges  and  gra  en. 
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Flank  Tectonics  of  Martian  Volcanoes 


. i a.uj  j.  i homas 

ept.  of  Physics  and  Astronomy,  University  of  Wisconsin,  Eau  Claire,  WI  54702 
_ Steven  W.  Squyres 

Center  for  Radiophysics  and  Space  Research,  Cornell  University,  Ithaca,  NY  14853 

Michael  H.  Carr 

U.S.  Geological  Survey,  Menlo  Park,  CA  94025 

SIIUPHSSSS 

mmssmm 

~ srs*  sc 

— 

avow  e7ge  effect  ”S'  'CriCal  ,cs,s  show  ,hal  “>*  base  is  sufficiently  large  to  com^etd) 

to  .ha^Are^r'Hr,:  t“  irs"- The  maen,a  chambw  •« » ^ 

spherical;  we  model  it’as  an  oblate  ^ is  ,m" 

surface  tilting  are  best  explained  b,  pressurization  of  a magma  cka^?,T^p,T^TTl^! 

m e oTtbnZnf  T V ^ f°'  ^ “ ^XTLu  u-  X" 

surrounding  plZ  “«  ehatnber  is  elevated  over  10  km  above  the 

PressuHztirofU,eClmmbCI'  m0<lcl.mat  b'-’  vaca"1’  '>“1  unprossurized.  or  pressurize, I 

g , a value  of  toung  s modulus  appropriate  to  basalt,  9 x 1010  Pa  s,  is  adopted. 

l“Hault7herLOCCUPyinS  tlie  »»^VonrUor^Th^Iope,S“p^ 

there.  Maximum  compressive  stresses  are  -250  MPa.  These  stresses  arise  from  the 
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general  elastic  deformation  of  the  cone,  and  represent  a net  reduct  on  m su  face area  In  add  t on 
to  these  prominent  stress  features,  there  is  a region  of  compressive  tangential  stress  at  he  sum  mi  , 
ringed  by  a region  of  extensional  stress.  However,  the  stresses  here  are  much  smaller  (~10  MPa). 
The  location  of  the  greatest  extensional  stresses  is  found  on  the  lower  slopes  of  the  cone * when  the 
chamber  is  filled,  occupying  roughly  the  lowest  third  of  the  flanks.  The  stresses  here  are  < 30  MPa. 

A similar  stress  distribution  is  observed  when  the  cone  contains  a vacant  magma  chamber. 
In  this  case  however,  compressive  stresses  tend  to  be  more  equally  distributed  over  the  volcai 
slopes,  and  no  extensional  stress  is  evident  on  the  lower  slopes.  This  is  apparently  becau^the 
presence  of  a vacant  magma  chamber  permits  increased  compress, on  of  the  ed^ce  and  according^ 

more  pronounced  compression  on  the  slopes.  Assuming  that  the  escaipmen  so  y P, . ..  . 

indeed  the  expressions  of  the  thrust  faults,  we  find  that  a full  chamber  produces  a stress  distribution 
most  consistent  with  the  observed  distribution. 

If  the  magma  chamber  is  pressurized,  additional  extensional  stresses  can  occur  at  the  summit 
and  the  upper  slopes  of  the  cone.  For  a magma  chamber  pressure  of  100  MPa  (twice  the  overburden) 
the  maximum  extensional  stress  is  -200  MPa.  While  such  stresses  could  readily  cause  extensional 
faulting,  it  is  unlikely  that  the  material  of  the  volcano  could  support  such  large  ove,  pressuies 
without  extrusion  taking  place. 

Terraces  like  those  on  the  flanks  of  Olympus  Mons  are  also  observed  on  three  other  martian 
volcanoes:  they  are  very  prominent  on  Ascraeus  Mons,  and  present  but  less  ^^oped  on 
Arsia  Mons  and  Pavonis  Mons.  Alba  Patera,  which  has  a diameter  over  twice  that  of  01>> 
Mons,  does  not  have  them.  If  the  occurrence  of  these  features  which  we  believe  are  due  to  ti. 
faulting,  is  related  to  edifice  size,  then  clearly  large  diameter  alone  is  not  a sufficient  lequuc  _ • 
We  therefore  considered  the  influence  of  both  diameter  D and  mean  slope  h/D,  w lere 
edifice  height,  on  flank  stresses. 

Calculations  for  a range  of  h/D  and  D show  that  the  maximum  compressive  stress  found 
on  the  flanks  is  a simple  linear  function  of  these  parameters  By  modeling  volcanoes  with ja,  ou 
diameters  and  slopes,  then,  we  can  extend  the  results  obtained  for  Olympus  Mons  to  the  o he 
martian  volcanoes.  We  find  that  the  four  volcanoes  with  the  largest  stresses  are  the  only  oncj  on 
which  concentric  flank  terraces  are  observed,  lending  considerable  support  to  the  view  that  these 

features  form  by  thrust  faulting. 

It  is  useful  to  compare  our  calculated  maximum  stresses  to  laboratory  data  for  the  strength 
of  basalt.  Estimates  for  the  unconfined  uniaxial  congressional  strength  of  basalt  vary  from  12' 
MPa  (5)  to  262  MPa  (6)  for  basalts  with  densities  similar  to  that  assumed  for  this  mo  e . 
then  investigate  the  range  of  edifice  dimensions  h/D  and  D that  will  produce  flank  stresses  ha 
meet  or  exceed  this  failure  strength.  Dimensions  of  the  major  martian  volcanoes  are  taken  on, 
Pike  (8).  All  four  volcanoes  that  exhibit  flank  terraces  lie  well  within  the  regime  where  failure, 
and  hence  thrust  faulting,  is  expected.  All  other  martian  volcanoes,  which  are  free > of  terraces 
have  flank  stresses  below  the  failure  strength  of  basalt.  Simplifying  assumptions  of  this  m , 
particular  incompressibility  (7)  and  neglect  of  lithospheric  flexure,  have  the  effect  of  undeistimati  g 
stresses  on  the  volcano  flanks,  and  do  not  alter  this  conclusion. 
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™ NATURE  AND  ORIGIN  OF  ^Jl^udi^alional 

^ s.jssr^™.  »■<=•  — 

Over  3%  of  the  surface  of  Mars  is  covered  by  ®“°0££dga“”\ichough  the 
characterized  by  landforms  analogous  to  mare  wrink 1^  ^ dlrectly 

exact  nature  of  these  ridged  plains  ma  result  of  flood  volcanism 

determined,  indirect  evidence  suggests  they  are  the  resu^  ^ 

(1,2,3).  The  origin  of  “ yg“clcl ln  and  reverse  or  thrust  faulting 

debates  have  focused  on  the  rol  S , wrinkle  ridges  are  tectonic 

(3  4 5)  However,  the  general  consensus  is  that  wrinkle  g 

in  origin  resulting  from  horizontal  compressive  stresses. 

The  largest  known  occurrence  of  “tinkle  ridges  Tharsis 

planets,  observed  within  a distinct  p ysl' og  P £ £ ix  provinces  of  the 

Plateau  of  Mars  <6T  ^ average  P-ihg.-aluated  ^ V ^ 

Tharsis  ridge  system,  is  30  km  ( , f HeSperia  Planum  (7).  There 

spacing  of  the  crosscutting  wrm  explain  the  periodic  nature 

hLe  been  a number  of  asPfo  whether  the 

of  the  wrinkle  ridges  (8,9,10,11,1/;  ana  _skinned)  or  not 

lithosphere  is  involved  in  the  deformatio  ( require 

(thin-skinned,.  One  reason  for  considering  models  ^ ^ 

rt^s^^atCh 

S^Z^a^tiveSIman^isUatJd  areas  of  ridged  plains  material  that 
occupy  topographic  lows  within  intercrater  plains. 

In  the  models  evaluated  in  this  study,  it  is  ye’Twith6'’”1 

plains  material  behaves  as  both  a sing  e mem  er  an  garegolith  substrate 

frictionless  contacts,  resting  on  a “f!  critic al  waveUngth  of  folding, 
of  finite  thickness  that  has  uc  e in  the  deformation  that  results  m 

The  basement  does  not  directly  par  P ial  lithosphere  deformation  is 

the  ridges,  thus  no  assumption  of  whole  or  parti  ^ layers  is 

necessary  to  explain  the  periodlc  spacing  weak  interbeds  in  the 

assumed  based  on  the  possible  exis  flows  Interbeds  separating 

ridged  piains  sequence  separatingugro^on  within  mare  basalts  on  the  Moon  or 

fn°terrestrialS continental  flood  basalt : sequences  (13 , U 15)  jnd  ^ of 
contribute  to  the  localization  of  buckling  (16)^  The  rn  8^  eiastic  ^ 

the  ridged  Plains  ^ega^f ^^q^arHxamined  for  a range  in:  1)  the 

linear  viscous  material.  T , • material  and  the  underlying 

strength  contrast  between  the  ridge  p ess  of  the  rldged  plains 

megaregolith  of  100  000  and  5 00  ) ^ ^ o£  i.000  to 

material  of  250  to  3,duu  m,  ) For  tke  elastic  case, 

5,000  m;  and  4)  number  of  layers  <n)  of  ‘ cings  are  obtained  at 

wavelengths  consistent  with  many  o 6 ru  nf  a basalt-like  material  for 
critical  stresses  below  Che  yreld-strength  of  a basalt  li  ^ o£  th. 

n > 5.  For  n - 8,  wavelengths  range  from  27  to  42  km^^  ^ ^ 

ridged  plains  material  t»''?ir'8  tom  ' • ln  young's  modulus 

:hficiToost:£5:ooosubr:L^ 5 do 

parameterst^h^averag^ thickness 
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WRINKLE  RIDGES  ON  MARS: 


Watters,  T.  R. 


that  reduced  the  effect  of  the  overburden.  deformation 

lessees trictedmthannthe  ^elastic^ase^^herQb6^^!!  buckUnS  is  m^h 

With  rs^glfuyef („TlHtaIhrr  SP1^in?  °f  the  rldges  C“  beS«Pl^™<l 

SlckneKdaPdav?scos“rial  <25° 

- — - 
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PHOTOCLINOMETRIC  ANALYSIS  OF  WRINKLE  RIDGES  ON  LUNAE  PLANUM, 

^plesoia,  Jet  Propulsion  Laboratory,  California  Institute  ol  Technology,  Pasadena,  CA 
91109 


Wrinkle  ridges  are  common  morphologic  features  on  Mars.  I 
tectonic  mechanisms  have  been  suwei sted I to  expl a”l^j,r|t®^9  i^"^yan,  ’l973)’; 
Strom,  1972;  Scott,  1973,  Muehlbenjer  974  I Lucchma,  Cucchltta, 

recent  work  has  ,0.cuHsad  °"^  i988  Plescia  and  Golombek,  1986). 

1977;  Sharpton  and  Head,  1982,  1988  wai  aided  the  understanding  of 

!0mp™rSS'VrOPm°?Ss''o1  inffa?  structure  and  analyzing  deformation 
associated  with  ridges. 

Topographic  maps  for  “f5 (olvhffd 

spaced  a few  kilometers  “fa^hST^I^IIpSno'"e*'»  relies  on  pixel 
ridge  length,  morphology  and  albe  , /the  assumption  of  the  technique), 

brightness  variations  which  results  from  profiles  can  not  be 

albedo,  or  both.  Because  of  the  albedo  vanatrons  pho  ^nome  p^^  2q  8q  km) 

extended  across  large  distances,  su< ;h  a distances  such  as  the  distance  across 

fridges6  “Sem  measures  across  the  ridge  and  extended  a few  kilometers  on 
either  side,  including  all  visible  components  of  the  ridge. 

The  data  indicate  «»* 

Ihelu^T^^hl  a dTr  n^fion  arf  ^defined  by  the  .o^raphic  profiles  of  the 

wrinWe^d^es6” The  superposed  hill  and  ggneralV  asymmetric^  with 

locations  the  slopes  locally  < exceed  10"  Jh^'ep=a^l^eeS%yre  characterized  by 
slopes  steeper  on  one  side  than  on  the r ot  . » have  an  e|evation  distinctly 

an  elevation  offset,  that  is,  the  plains  on  one  offset  is  similar  to  that  observed 

different  from  the  elevation  of  the  opposie  ■ . 250  m.  the  average  offset 

for  lunar  ridges.  Measured  offsets  vary  rom H>  t lo  at s nu tch  as  25C i m J ch 

is  about  30  m to  100  m,  with  t ' < 5 rHL?  are  observed'  bU'  ,heSe 

a^charactehzed^y  a conesponding  cban^e  ^n 'he  ^|br^b',°aaoagda^ayCfro^ethe 
££.*£ »k2SS  S.  off  ^ihometric  proLs). 

The  elevation  offset  is  an  important  point  in  the 
internal  structure  (c.f.  Watters  1988  anc I Phase, a .and  Gotombek  1986  . T i a( 

most  easily  explained  by  a fault  beneath  the  ndgeseparau^g  ,ow.relief 

Se  ffaSds,icho.Sa,e°  ridges  ^-^^iffen^m ?he  hfgh  sfd^off 
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ridge,  the  fault  producing  the  offset  must  be  uniform  over  these  scales  (kilometers  to 
tens  of  kilometers)  and  the  fault  dip  can  not  decrease  at  a shaltow  deoth  The  rnmniiv 

e3rhC^0rPH°l09^« f wrinkle  rid9es  in  whfch  different  morphologies  are  observedPfor 
each  ridge  and  at  d.fferent  points  along  the  same  ridge  is  interpreted  to  be  thfresl  o 
splays  from  the  master  thrust  fault.  These  splays  ha?e  a vartety  ofd  ps^  and lenses  o 
displacement  and  deform  the  surface  in  a unique  manner.  P of 

nocciKiQUt!In9  5UCfI  3 mod®1  for.the  internal  structure  and  the  topographic  profiles  it  is 
to  foiH  n t0  ®s  'mate  *h®  shortening  due  to  folding  and  faulting  (Table  1)  Shortenina  due 
to  folding  is  estimated  by  simply  unfolding  the  surface  profile  across  the  ridoe  assuming 
conservation  of  line  length;  shortening  due  to  faulting*  depthfs  proportbnaltoTauS 
dip.  Although  the  fault  dip  at  depth  is  not  directly  obse^sNe thSkfal  l ure 

25”  ™ Thru11Tufa.a,'9le  °’  "0rmal  'aUHS  °"  ,he  m°°n  and  Mars  saMasl  a diP  of  about 

1n+.„  Data  (Table  '>  indicate  that  folding  sliortening  varies  from  <fm-75m-  mean 

122+98  m ThP^"19  f3U  * dips  of  25°'  faulting  shortening  varies  from  0-540m  mean 
ih?T*98  m'  Ihe  avera9e  ratl°  °f  shortening  due  to  faulting  versus  foldina  is  about  i? 
Shortening  due  to  faulting  significantly  exceeds  that  due  to  folding-  shortenina  due  to 

(i  e in3950T Thet^ot?  th?  due  t0  f0ldin9  by  3 f3ctor  of  3 to  6 even  for  fault  steeper  dips 
anri’a  5 k ,Tb?-S?  est,.mates  suggest  that  a model  wherein  the  fault  breaks  the  surface 

is  expressed  b/  slip  on  ,aul,s  al  ,ha  s" 

lorai  rIhlSh2r,e,nln9da,a  Can  b®  used  t0  estimate  strain.  Individual  ridges  exhibit  a 

So/  (,n  It/  ?6)  L 9 Strain  °f  0 05%  t0  °-5%-  a fau,tin9  (displacement)  strain  o* 
1.0 /o  to  5.0%,  to  produce  a total  strain  of  1.4%  to  5%.  These  estimated  are  hroaH?J 

consistent  with  previous  estimates  of  strain  of  a fraction  of  a percent  to  a few  Derrent 

ieenera?ryfn'H1973:KMuehlberger'  1974;  Watters*  1988>-  Ridges  on  L^nae  Cm 
lat?6,? y trend  oorfh-south  indicating  an  east-west  compressional  stress  field  At  20°N 
atitude  there  are  12  major  ridges  between  Echus  Chasma-Kasei ValHs  on the ’ west  and 
the  heavily  cratered  terrain  on  the  east.  Assuming  each  ridge  is  typical  (131  m total 

±°"a":nS/r,d9a)’  lhe  ,0,al  shorteni"S  across  Luaaa  Planum  fe  loo  m « res»nS 

regional  compressive  strain  is  0.2%  to  0.5%.  ’ corresP°nam9 
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TABLE  1 


RIDGE  LOCATIONS 
(number  of  profiles) — 


MCI  ON  W 
20.5°N;  71  °W  (27) 
20.5°N;  70.5°W  (26) 
20°N;  69°W  (13) 
17°N;  71 ,3°W  (23) 
MC10NE 

20.5°N;  66°W  (13) 
21  °N;  65°W  (6) 
21°N;  64. 5°  W (7) 

21 .5°N;  62.5°W  (6) 
22°N;  62°W  (7) 
22°N;  59.5°W  (4) 
17°N;  66.2°W  (6) 
MC10SE 
14°N;  66.5°W  (7) 


SHORTENING 

COMBINED 

(Ml 

HEIGHT 

Ml 

WIDTH 

(KM) 

OFFSET  HIGH 
<M)  SPE 

FOLD 

(M)_ 

FAULT 

(ML- 

LDtU 

204±52 
1 97±81 
152±31 
1 46±41 

5.3±1 .0 

5.011.5 

6.411 .5 
6.811.9 

105144 

94165 

58132 

75132 

E 

E 

E 

E 

17±10 

22±19 

9±3 

7±3 

225195 

2091142 

25152 

160170 

2421101 

2321153 

134152 

168171 

69±29 
102±20 
1 31 ±1 06 
55±14 
1 47±46 
169141 
79±36 

5.112.4 
4.711.3 
5.013.9 

3.010.8 

5.811.5 
4.011.0 

3.710.9 

30122 

48128 

52138 

19112 

64122 

68145 

33116 

E 

E 

W 

W 

E 

E 

W 

3±1 
5 ±2 
9±9 
3±2 
8±5 
10±5 
5±4 

63147 

103161 

112181 

4112 

136148 

9016 

71131 

65148 

108162 

121187 

44124 

142149 

10012 

76133 

75±19 

3.311.1 

39120 

W 

3±1 

84144 

87144 

MORPHOLOGIC  COMPONENTS  AND  PATTERNS  IN  WRINKLE  RIDGES’ 
KINEMATIC  IMPLICATIONS; 

Jeyne  C.  Aubele.  Dept.  Geologicel  Sciences . Brown  University . Providence  R I 02912 


»«n  !T?' rn::  rk,e‘riao*s  has  ,,e'n  in  ws- 

ridi  r b“- 

nr|umc  * ,he  or'9,n  01  wnnkle-r,dges  can  be  classified  into  tectonic,  volcanic,  or  combined 
movement  [4,  / , 10] . All  of  the  structural  models  and  terrestrial  analogues  involve  compression 

they  as  crred  of  ,hree  morpho,°9’c  *.  as 

§§i=5 

fbairr^s 

elves  Furthermore,  any  regular  pattern  in  the  morphology  should  be  indicative  of  the  kinematics  o?  wrinkle- 

have  beeTXpedTn^ 'detaTanTihe6  m°rph°IOgiCal  COmp°nen,s  of  a lar9e  number  of  lunar  and  Mars  ridges 
ORSFRUaSmo  components  and  their  patterns  have  been  characterized 

nmv  7 Ew  ATk0NS  A Wrinkle  ridge  Can  be  treated  as  3 system  of  related  individual  components,  as 
of  the77omholonir  ^ AUt>elf  °r  as  an  "assemblage",  as  described  concurrently  by  Watters  [15]  All 

The  crenelated  ridge  component  segments  of  a typical  wrinkle-ridge  occur  in  a range  of  sizes  that  can  be 

™ :z,r 

.cwm  ...  osses  to  the  other  margin,  it  gives  the  entire  wrinkle  ridge  a general  anoearanre  nf 

s£~  sr?  r • 

irjr£  zrjTzzziz.rzzz  :rr„r£5:;  sr 

am^l  odeT^Th0'8  a'e  dr3Wn  a'°n9  ,he  maj°r  crenula,ed  ridge  segments  of  an  entire  wrinkle-ridge  they 
® °"lented  ,he  same  general  direction,  regardless  of  the  orientation  of  the  main  trend  of  the  arch  The 
arch  tends  to  follow  pre-existing  structure;  for  example,  the  circumference  o,  bas,ns  or  2 r7ms  of  buried 
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-7'  „ 

kinematics  of  wrinkle  ridge  formation.  The  orientation  of  the  crenulated  ridge  component  appears  to  be  re- 
“ a dormant  direction  of  regional  compression.  For  example,  the ^crenu^ed  ndge  segments  of  the^ 
wrinkle-ridaes  in  southern  Serenitatis  are  predominantly  oriented  in  a N S direction,  w ’ , . 

SSS2SSS5 SESSE-SS? 

the  wrinkle-ridges.  The  major  crenulated  ridge  component  segments,  thereto  e,  apparently  exist  perpe^ 
“ Ss^e  0-n.ue  an^ 

Sran0^0segPmin;°sn' 

=r?r  = 

strenoth  is  exceeded  No  strike  slip  fault  forms  when  the  total  strain  is  very  small  and  the  shear  strength  ol 
tages  of  surface  shortening  and  horizontal  deformation  of  craters  [13 JL  observed  chafac_ 

,.,,rs:r;roT^ 

fault  breaking  tb.  surt.c,  bu,  ralh.r  th.  Mired  result  ot TN  ^ of  structural 

z"s  = ™;  rzt  ::z~  z a 

topography,  that  causes  folding  of  the  stratigraphic  sequence  a • oV/mmptrical  over- 

bance  the  layered  sequence  experiences  minor  converging  or  diverging  ruptures,  called  symmetrical  o 

Mem  aim  and  the  tact  of  recognition  o,  tb.ee  tea, ares  on  Earth  with  «,  active  teg, me  _ 

CONCLUSIONS  Wrinkle-ridges  consist,  not  of  random  combinations  of  scarps  and  wrink  es  , bu 

teTa  depth  needed,  break  th.  surtace  ,,  appear,  that  a dominant 

generates  the  consistently  oriented  maior  crenulated  ndge  components,  while  toe*  compre  st.e 

torn  .T'Lhln  conf„.Pe  oompt.’ssive  .lures  p.rpendicutar  to  the  dominant  direction  o,  compression 
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Sased  on  this  study,  the  major  crenulated  ridge  components,  not  the  entire  wrinkle-ridge,  should  be  used  to 
indicate  the  direction  of  regional  compression. 
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MAJOR  RIDGE 


FIGURE  1 Schematic  morphologic  map  of  a typical  lunar  wrinkle-ridge  showing  the  arch  and  crenulated  ridge 

omponents^  Narrow  black  lines  outline  arch  component  segments.  Thick  black  lines  represent  major  (larqe) 
crenulated  ridge  component  segments.  ^ 

nL°rfa_UP  A and  8 Crenulated  rid9e  superimposed  on  arch  is  indicated  by  generated  contour  lines 
Dashed  arrows  indicate  strike  of  arch  component  (a)  and  crenulated  ridge  component  (r) , Large  arrows  indi- 
cate direction  of  regional  compression.  0 a,rows  lnai 

FIGURE  2.  Block  diagram  of  proposed  model.  Only  one  of  many  related  minor  ruptures  is  shown.  A con- 
verging overthrust  in  a direction  opposite  to  the  one  shown,  and  occurring  behind  the  plane  of  the  paper 
account  tor  the  major  ridge  component  at  far  right.  Minor  ridge  components,  not  shown,  would  be 
produced  by  slip  and  ruptures  between  layers  closer  to  the  surface. 
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DOMAINS  OP  ~L « 

Studies^  National  lir  W Space  Museum. ' Smithsonian  Institution,  Washington, 

D.C.  20560 

Tectonic  domains  where  major  fold  and  thrust  fault  trends  are  transected 
li_  faults  have  been  documented  within  fold-thrust  belts 
on  the"1  Earth  (1  2)  The  geometric  relationships  between  the  structures  is 
hLt  LpUinei  by  a pure  shear  mechanism  because  of  the  limited  extent  and 

lateral  displacements  of  the  ^trike-s .^/structures  possible  includes  E-W 

trending  fi«t- order  fold/and  first-order  right-lateral  and  conjugate 
left  lateral  strike-slip  faults  with  an  angle  6 to  the  primary  stress 
/ire/tion  The  angle  /is  constrained  by  the  Coulomb -Navier  criterion 
where  9 is  related  to  the  coefficient  of  internal  friction  p For 
typical  values  of  M between  0.58  and  1,0,  0 is  m the  range  of 

22 . 5° -30° . 

Yakin la  Fold  Belt,  Columbia  Plateau,  Earth  basalts  of  the  Columbia 

The  anticlinal  ridges  in  the  continental  flood  basalts  structures 

Plateau  (or  Columbia  Basin)  are  long,  narrow,  Periodically  spaced  struct 
with  broad  relatively  undeformed  synclines.  The  anticlinal  r S 
believed  to  be  the  result  of  initial  buckling  in  response  to  a borizont 
compressive  load  followed  by  dominantly  reverse  to  thrust  faulting  ^ ) 
Numerous  strike-slip  faults  have  been  mapped  m the  southern  port 

fobd  belt  (4)  as  either 

tea/ faults^ faults  of  limited  extent  or  regional  faults  (5)  As  part  of 

PhiS  scudy,  -«fj"f:idar.u ' fihL:  c^^spLd «. 

the  southern  portion  of  the  tola  oeic.  “ y direction  of 

southern  portion  of  the 

fold  belt  is  N37°w.  Taking  the  normal  to  the  mean  direction  of  the 
anticlines  to  be  the  approximate  direction  of  the  principal  compress 
stress  the  mean  direction  of  the  known  and  suspected  right  lateral 

strike-slip  faults  is  within  the  range /°firS t-o^de/r idge/in  wrinkle  ridge 

ssrPuiS-«ui  o„  s.r.  <m. 

^^"wrinkle^ridges^occur^in^smooth  plains  material  that  Is  Inferred  to  he 
volcanic  in  origin.  These  ridges  are  also . believed  to  - - ~^lt 

revere  or  thrust 

^ in  v-  \ / c.  i\  Tf  the  ridged  plains  material  has 

deformed  inTsimnar'styL  to 'the  basalts  of  the  Col«™bU  bateau  then 

ST-SiSS-iS  ndges  have  been^found  U ^ and 

Lineaments  of  limited  areal  extent  that  sharply  °l  t“r“*ults 

stepping  and  individual  £)^c“ “nS?  or' 
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DOMAINS  OF  PURE  SHEAR:  Watters,  T.R. , and  M.J.  Tuttle 

faults  consistent  with  a domain  of  regional  pure  shear  T ilfP  1 

on  the  Columbia  Plateau  the  strike  «lin  ft  stiear-  Llke  their  analogs 

relatively  riaceau>  tne  strike-slip  faults  accommodate  a portion  of  the 

strlk^'lL  faultjn  T "’JT  In  the  rId8ed  Plal"s-  Other  evidence  of 
strike  slip  faulting  on  Mars  has  been  recently  reported  by  Forsythe  and 
Zimbelman  (8)  and  Schultz  (9).  y ruii>ycne  ana 

Ridge  Belts,  Venus 

in  Jarall®J  ta  subparallel  ridges  form  the  prominent  ridge  belts  identified 
in  Venera  15/16  images.  Although  the  role  of  extension  (10)  and  compression 
(11,12  in  origin  of  the  ridge  belts  is  under  debate  the  similarity  in 
morpho  ogy  of  the  ridges  to  wrinkle  ridges  suggests  ’that  they  are  the  result 
af  h compression.  Frank  and  Head  (11)  describe  some  of  the  ridges 

ridges  C^sscuttJnrir"6  them  ^ 3rCheS  aSSOciated  *ith  maria  wrinkle 
g . rosscutting  lineaments  are  common  in  the  ridge  belts  (11  12) 

These  lineaments  often  occur  in  conjugate  sets  and  evidence  of  strike  slip 

motion  has  been  reported  (11,12),  however  we  observe  little  or  no  apparel 

displacement  along  the  lineaments  studied  thus  far.  The  areal  extent 

estimates  of  the  bulk  strain  within  the  ridge  belts  in  rho  p , ® ’ 
Ahsonnutli  Dorsa  regions  are  as  high  as  7*  Ai  Pandrosos  and 

of  roughly  2,  estimated  b“k  “ra  f for  a' 2^.?^  *°  a 

the  deformed  basalts  of  the  Columbia  Plateau  5*  f°r 
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STRIKE-SLIP  FAULTING,  WRINKLE  RIDGES,  AND  TIME  VARIABLE 
STRESS  STATES  IN  THE  COPRATES  REGION  OF  MARS.  Richard  A.  Schultz, 
Geodynamics  Branch,  NASA  Goddard  Space  Flight  Center,  Greenbelt,  MD  20771. 

The  existence  of  strike-slip  faults  has  recently  been  documented  in  two  locations  on  Mars 
[1,2].  In  this  abstract  I review  two  clear  examples  located  southeast  of  Valles  Marineris  and 
present  preliminary  evidence  for  more  widespread  strike-slip  deformation  elsewhere  in  Coprates. 

Strike-slip  faults  and  wrinkle  ridges  both  deform  Early  Hesperian  plains  materials  in 
eastern  Coprates  between  20-25°  S and  -55°  W [2],  The  strike-slip  faults  are  defined  by  echelon 
arrays  of  linear  structures  that  bound  polygonal  or  rhombohedral  plateaus  located  within  their 
stepovers.  The  faults  are  oriented  obliquely  (-60°)  to  the  overall,  north-south  trend  of  the  wrinkle 
ridges.  The  plateaus  were  probably  formed  within  contractional  strike-slip  stepovers  rather  than  by 
simple  lateral  or  vertical  offset  of  pre-existing  markers.  Crustal  shortening  along  each  echelon  fault 
array  may  exceed  1-2  km.  Northwest  trending  strike-slip  faults  in  this  area  are  left  lateral,  as 
inferred  by  their  sense  of  step  and  type  of  stepover,  whereas  northeast  trending  faults  are  right 
lateral.  The  lack  of  orthogonal  fault-ridge  intersections  implies  that  the  faults  did  not  serve  as 
passive  transforms  during  wrinkle  ridge  deformation.  Indeed,  some  wnnkle  ridges  located  at  fault 
terminations  occur  in  the  fault’s  compressional  quadrants  and  have  angular  relationships  to  the 
strike-slip  faults  suggesting  that  they  may  have  nucleated  as  a result  of  the  localized  strike-slip 
activity.  Strike-slip  faulting  in  this  part  of  Coprates  may  have  predated  or  overlapped  episodes  of 
wrinkle  ridge  growth  and  was  probably  also  driven  by  Tharsis  generated  stresses. 

Strike-slip  faulting  becomes  more  complex  near  26-28°  S in  Coprates  (Fig.  1).  Here, 
northeast  trending  linear  zones  that  look  like  wrinkle  ridge  material  appear  to  be  closely  spaced 
strike-slip  faults.  Wrinkle  ridges  that  cross  these  zones  are  not  noticeably  offset,  suggesting  that 
the  zones  occurred  before  the  ridges.  In  contrast,  left  lateral  strike-slip  faults  occurring  in  the  same 
area  appear  to  offset  at  least  one  ridge,  and  portions  of  many  other  ridges  appear  defined  by  scarps 
of  similar  orientations  to  these  faults.  Inferred  remote  stress  states  for  the  three  sets  of  structures 
(Fig.  la,  b)  are  comparable  to  those  predicted  from  Tharsis  deformation  models.  It  appears  that 
right  lateral  strike-slip  faulting  first  occurred  in  the  curvilinear  zones,  then  was  replaced  by  coeval 
left  lateral  strike-slip  faulting  and  wrinkle  ridge  growth. 

Most  wrinkle  ridges  south  of  Valles  Marineris  trend  northeast  but  older,  northwest  trending 
ridges  are  also  present  [e.g.,  3].  Fig.  3 shows  the  geometry  of  some  large  ridges  southeast  of 
Melas  Chasma.  Crosscutting  relations  indicate  that  northwest  ridges  formed  first  (Fig.  2a),  so  a 
change  in  remote  stress  orientation  over  time  is  implied.  A resolved  shear  stress  may  have  acted 
along  or  within  northwest  trending  ridges  during  superposition  of  the  second  wrinkle  ridge 
producing  stress  state.  This  would  explain  the  growth  of  short  oblique  "crenulations"  on  the 
southern  ridge  (Fig.  2b)  and  growth  of  some  northeast  trending  ridges  in  the  inferred 
compressional  stress  quadrants  of  older  ridges  (see  [2]).  This  example  differs  from  the  previous 
two  in  that  discrete  strike-slip  faults  are  not  observed.  Instead,  the  lateral  growth  of  wrinkle  ridges 
appears  to  have  been  locally  influenced  by  the  relative  orientations  of  ridges  and  remote  principal 
stresses  [e.g.,  4-6].  Interestingly,  the  older  northwest  trending  ridges  with  inferred  left  lateral 
shear  strain  parallel  the  left  lateral  strike-slip  faults  to  the  east  [2,  Fig.  1]. 

The  first  two  examples  show  that  strike-slip  faulting  occurred  in  a broad  zone  east  of  the 
Coprates  Rise  spanning  -400  km  east-west  by  perhaps  1000  km  north-south.  The  last  example 
suggests  that  the  growth  of  major  wrinkle  ridges  throughout  Coprates  may  have  been  influenced 
by  horizontally  directed  shear  stresses  and  that  more  than  one  generation  of  ridges  was  produced. 
Thus,  "compressional"  deformation  of  ridged  plains  south  of  Valles  Marineris  was  spatially 
heterogeneous  and  a temporal  change  in  stress  state  may  have  been  involved. 

REFERENCES:  [1]  Forsythe,  R.D.  and  J.R.  Zimbelman,  Nature.  336,  143-146,  1988.  [2]  Schultz, 
R.A.,  Nature.  341, 424-426,  1989.  [3]  Watters.  T.R.  and  T.A.  Maxwell,  Icarus  56,  278-298,  1983.  [4]  Tija,  H.D., 
Geol.  Soc.  Am.  Bull,  81,  3095-3100,  1970.  [5]  Raitala,  J.,  Moon  Planets,  25,  105-112,  1980.  [6]  Aubele,  J.C., 
Lunar  & Planet.  Sci.,  XIX,  19-20,  1988. 
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Fig.  1.  Sketch  map  showing  relationships  between  strike-slip  faulting  and 
wrinkle  ridge  growth  in  Coprates.  Wrinkle  ridges  are  stippled. 
Deformation  inset  (a)  preceeded  deformation  (b).  Viking  orbiter  images 
610A27,  A44. 


Fig.  2.  Northeast  trending  regional  set  of  wrinkle  ridges  are  superimposed 
on  northwest  trending  ridges.  Insets  show  inferred  time  variation  of 
associated  stress  states.  Viking  image  608A51. 
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ORIGIN  OF  CURVILINEAR  GRABEN  IN  SOUTHWEST  LUNAE  PLANUM  MARS . 

Thomas  R Watters  and  Michael  J.  Tuttle,  Center  for  Earth  and  Planetary 
Studies,  National  Air  and  Space  Museum,  Smithsonian  Institution,  Washmgto  , 

D.C.  20560 

The  southwest  Lunae  Planum  region  of  the  Tharsis  Plateau  is  being  mapped 
at  the  1-500,000  scale  as  part  of  the  Mars  Geologic  Mapping  program.  The 
western  margin  of  the  ridged  plains  and  plateau  plains  units  in  this  regi 
Is  marked  by  a steep,  3 km  high  erosional  scarp.  The  plateau  units  in  this 
region  are  cut  by  sets  of  curvilinear  graben  that  occur  within  a 150  km  zo 
of  the  scarp.  There  are  three  sets  of  graben  m the  region,  set  cu  s 
Noachian  cratered  uplands,  set  B cuts  Hesperian  plateau  *la£  ® fig 

cuts  both  Hesperian  plateau  and  ridged  plains  "^rial  ( ^ tia{ly 

1)  The  graben  in  set  A have  a mean  direction  of  N12  E and  are  parti  y 
covered  by  ridged  plains  material  that  embays  the  cratered  uplands  (f  g.  . 

d Graben  sel  B cuts  PI.1M  material  that  appears  to  be  continuous  with 
the  ridged  plains  material  but  lacks  wrinkle  ridges  (fig.  1,  e B>- 
trend  of  many  of  these  graben  (mean  direction  N10  E)  are  paral  e 
the  adjacen/cratered  uplands.  This  suggests  that  these  graben  are  the 
result  of  reactivation  of  a preexisting  extensional  fabric. 

The  orientation  of  graben  in  set  A and  B is  not  consistent  with  any  phase 
of  Tharsis  radial  extension  (1).  Circumferential  oriented  extensional 
stresses  are  predicted  in  this  region  in  isostatic  adjustment  mode  ( . > . 

however  the  curvature  of  the  graben  suggests  that  they  were  part  of  a 
circular  swarm  with  a radius  of  approximately  300  knn  Circular  gra  en  swarms 
are  not  uncommon  in  the  Tharsis  region.  The  most  likely  origin 
extensional  stresses  is  local  uplift  resulting  from  the  emplacement  of 

intrusive  body.  If  this  is  the  case,  the  initial  ^halsis  region 

coincided  with  some  of  the  earliest  tectonic  activity  in  the  Tharsis  region. 

The  third  set  of  graben  (C)  cut  ridges  plains  ^terial  forming 
non- orthogonal  ridge-fault  crosscutting  angular  relationships  (fig.  , 

C)  ThisSclearly  indicates  that  graben  formation  postdates  the  deformation 
that  resulted  i/the  wrinkle  ridges  (5).  The  orientation  o the  graben  m 
set  C (mean  direction  N49°E)  is  also  not  consistent  with  Tha^s  ^ 
extension  However,  unlike  the  other  graben  sets,  the  C graben  paral 
scarp  (mean  direction  of  scarp  segments  is  N52«E).  Although  the  graben  in 
set  C do 6 not  appear  to  be  related  to  the  other  sets , the  orientations  of  the 
graben  in  sets  B and  C become  parallel  where  they  cut  the  same  unit  (fig.  . 
see  arrow).  This  suggests  that  in  this  area  the  graben  in 
influenced  by  the  same  preexisting  extensional  fabric  Possible 

of  the  graben  and  scarp  suggests  that  the  two  are  rela  e • ben 

explanations  are:  1)  the  graben  influenced  scarp  retreat,  or  2)  gra  ^ 

formation  was  influenced  by,  or  a result  of,  the  scarp.  Extensio 
near  the  scarp  will  result  from  the  release  of  confining  pressure  however, 
the  magnitude  of  the  stress  would  be  expected  to  decay  rapid  y wit  is  ance 
fIL  the  wall.  Another  possibility  is  that  extensional  stresses  resulted 

from  loss  of  support.  If  the  ridged  plains  overlie  a thick  megaregolith  that 
was  exposed  by  elosion,  material  may  have  been  removed  by  undercutting  and/or 
sapping.  A finite  element  analysis  is  planned  to  determine  under  what 
conditions , if  any,  graben  could  form  at  the  observed  distances  from  the 

scarp . 
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CURVILINEAR  GRABEN:  Watters,  T.R.,  and  M.J.  Tuttle 
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Fig.  1.  Photomaps  of  southwest  Lunae  Planum, 
the  region  are  marked  A,  B and  C. 


The  three  sets  of  graben  in 
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FORMATION  OF  RHYOLITIC  RIDGES  ON  MARTIAN  BASALTS.  T.K.  Pone,  and  P.H.  Schuta. 
Dept,  of  Geology,  Brown  University,  Providence,  RI  02912 

ol”“ V?SSih“’^MW1*»  F1o»s:  We  used  high  resolulion  Viking  Orbtter  photographs  to 

lipBloobunnriscostues^h  ^ow^ 

SSc  ta  lube-fed  flow  are  dhmncuve  chanuaemfe  ol  basalts  IS)  The  long 

6000km^)  over  low  gradients  combined  with  the  large  areal  extent  of  these  ow  ( models 

Sta  low-viscosity  lava;  paradoxically,  the  steep  flow  fronts , ndge ^ns=d 

su  trees!  a hi  eh- viscosity  lava  [6].  Recent  experiments  with  molten  carbowax  [7]  indicate  tnat  nage  c ^ 

,?Krtd  I the  flow  rate  is  "sufficientirslow"  and  the  ambient  temperature  is  "sufficiently  low 

[8]  For  comparison,  we  derive  flow  front  slopes  of  about  36  fw  the  martian  lavas  (.see  g 

^Tp'pare^' "ZX  SJ 

the  mi  flows  might  be  produced  by  quickly  and  efficiently  cooUng  the  surtax 

Ltid  cooling  of  the  flow  surface  could  be  achieved  by  emplacutg  the  flow  unto  t unhand  with  htgb  heat 
SSmd  h£h  thermal  diffusivity  This  would  create  a thick  chilled  crust  and,  by  exerung  a downward 
force  could  increase  the  drag  component  on  the  surface;  both  conditjons  enhance  ndge ;forma  ),.„v,K 

Siad?SL  surrounded  by  easily  eroded  deports  and  dje  smfeces  afwl ^ 

iSia>  lava  flows  [7]  penni.  c^cdaung  dm  diennd 
environment  for  the  martian  flows.  Using  this  model  and  the  parametersm  Table  1,  and  to 
the  thermal  diffusivity  yields  a value  that  is  a hundred  times  too  high  for  air,  water  o 
times  too  low  for  most  rock.  An  ice-rich  dust  may  produce  the  appropriate  thermal 

Preliminary  experimental  results  suggest  that  overburden  pressure  on  t he  lava  fl^wmay  P*  y 
important  roS  creating  the  observed  textures.  By  simulating  lava  flows  wdfa ha 
found  that  efficient  cooling  alone  is  not  enough  to  produce  the  large-scale  n Jetexture  andd,  p fl 

fronts  at  this  scale.  To  determine  the  first-order  trends  of  ndge  formauon,  we  h^e  empjac^e  m^^ 
wax  in  varying  conditions  such  as:  subaeral  with  ambient  temperatures  varying  - , l;„k 

wa»  vvyhs  torn  0*  io  25“  C;  under  powdered  diy  ice.  snow  md  fo»m  m smutoe  . . Mmd 1 wmh  lugh 
heat  capacity  but  low  thermal  diffusivity.  Cooling  the  wax  flows  with  dry  ice  or  0 C air  is  not 
adducing  large  ridges  and  steep  flow  fronts  as  is  cooling  the  flows  with  ice  water  - even  though  the 

thickness  of  the  chilled  margin  is  roughly  the  same  in  all  cases.  . . a 

Conclusion:  The  observed  martian  flows  have  large  areal  extents  and  flow  “dra  g 

basalt;  the  same  flows  paradoxically  have  steep  flow  fronts  and  a long  ndge  wave  e^gth, 
viscous  (almost  rhyolitic)  lava.  A low-viscosity  basalt  may  resemble  a high-inscros^^va  if 
cools  quickly  and  efficiently  enough  to  produce  a thick  surface  cnist,  and  ^ ^ maY  ^ 

the  crust  once  formed.  Preliminary-  experimental  results  suggest  that  bl^e" 

important  to  ridge  fonnation.  If  emplaced  under  a mantle  of  ice-nch  dust,  then  the  martian  flows  could  ha  e 
cooled  quickly  and  have  been  sujected  to  sufficient  overburdon  pressure. 

References:  [1]  Theilig  and  Greeley  (1986)  Proc.  LPSC  XVII.  [2]  Fink  (1980)  Geology* 

(1978)  Jour  ofVolc.  andGeotherL  Res..  4.  [4]  Basaltic  Volcardsm  Study  Project  (1981).  [5]  Greeley  (1980) 
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MARTIAN  LAVA  FLOWS 

T.K.  Porter  and  P.K.  Schultz 


Volcano  Features  of  Hawaii.  |6]  Hawaiian  Planetary  Conference.  (1974)  [7]  Fmk  md  Grifnihs  (1989)  LPSC  XX. 
Abs.  [1]  Allen  (1979)  Jour.  Geoph  Res.  [9]  Hodges  and  Moore  (1979)  Jour.  Geoph.  Res..  84. 


Parawrter 

Ridpe  spannp 
Ridge  height 
Flow  thickness 
Flow-  from  slot* 


Number  of  Simplw 

1840 

8 

16 

F 


Avf.  V»t»r 

175  3m 
13.9m 
GZ.bm 


Table  1.  Parameters  obtained  using  high-resolution  VO  photographs. 


Model 

Viscotit} 

Interior 

ID  8**t 

Extenoi 

Fink  and  Fletcher  (1978) 
Fink  (1980) 

Theihr  and  Greclrv  0986'' 

5 A • 104  - S.7  * 106 
1.5  * IP6  - 23  * 10s 
1.4  * IP7  -2.3  * IP9 

34  * IP5 -5.5*  10E 
9.7  * IP6  - 1.5  * 109 
1 4 • 10s  - 2.5  • IP10 

Table  2.  Viscosities  obtained  from  the  parameters  in  Table  1 and  the  models  in  [1],  [2]  and  [3). 


SHALLOW  CRUSTAL  DISCONTINUITIES  IN  THE  ALBA  PATERA-TEMPE  TERRA  REGION  OF  MARS 
Philip  A.  Davis  and  Kenneth  L.  Tanaka,  U.S.  Geological  Survey,  Flagstaff, 
Arizona  86001 

INTRODUCTION : In  a recent  paper  [1],  morphometric  data  were  presented  for 

several  types  of  erosional  and  collapse  features  within  Syria,  Sinai,  and 
Lunae  Plana  that  suggest  the  existence  of  three  mechanical  discontinuities 
within  the  shallow  Martian  crust.  The  depths  of  these  discontinuities  are 
0.5,  1.0  and  2-3  km,  which  correspond,  respectively,  to  the  thickness  of  the 
ridged  plains  unit,  to  the  depth  of  a widely  proposed  interface  within  the 
regolith,  and  to  the  base  of  the  regolith.  The  1-km  depth  of  the  regolith 
discontinuity  was  also  strongly  suggested  by  tectonic  model  calculations  in 
which  the  morphometric  data  for  grabens  were  used  to  estimate  the  depth  to  t 
mechanical  discontinuity  that  initiated  faulting.  This  1-km  discontinuity  may 
represent  an  interface  between  ice-laden  and  dry  regolith,  ice-laden  and 
water-laden  regolith,  or  pristine  and  cemented  regolith. 

According  to  hypotheses  based  on  vapor  diffusion  and  on  surface  and 
subsurface  thermal  models  [2-6],  the  depth  of  the  cryosphere  was  about  1 km 
at  the  equator  and  increased  to  about  3 km  at  the  poles  in  early  Martian 
geologic  history.  This  depth  should  correspond  to  that  of  the  regolith 
discontinuity,  but  in  the  areas  of  our  previous  study  [1]  (between  15°  S.  and 
23°  N.  latitude) , we  did  not  find  that  the  depth  of  the  regolith  discontinuity 
increases  toward  higher  latitudes.  However,  this  depth  may  remain  relatively 
constant  at  these  low  latitudes  and  increase  only  north  of  30°  latitude,  as 
suggested  by  [ 4 ] . 

APPROACH:  To  test  the  hypotheses  concerning  the  cryosphere,  we  obtained 

i 1 ed  morphometric  data,  mostly  for  grabens  and  pit  chains,  but  also  for 
various  erosional  and  collapse  features,  within  the  Alba  Patera-Tempe  Terra 
region  [7-10]  between  25°  and  45°  N.  latitude.  We  obtained  photoclinometric 
profiles  [method  described  by  11-12]  across  172  simple  grabens  in  eastern 
Alba  Patera.  We  used  the  width,  depth,  and  wall— slope  data  for  each  graben 
in  model  calculations  [13-14]  to  estimate  the  depth  to  the  mechanical 
discontinuity  that  initiated  normal  faulting  (assuming  a 60°  dip  for  bounding 
faults)  . We  also  measured  the  average  spacing  between  pits  for  many  segments 
along  all  pit  chains  on  the  flanks  of  Alba  Patera.  Laboratory  experiments  by 
[15]  indicated  that  average  pit  spacing  along  pit  chains  formed  in 
cohesionless  material  are  directly  related  to  the  thickness  of  the  material 
or  regolith  that  overlies  the  opening  fracture.  The  spacing  of  pits  (as  well 
as  the  width  of  grabens)  at  Alba  Patera  may  be  governed  by  the  depth  to  a 
discontinuity.  Although  the  patera  is  covered  by  lava  flows,  their  strength 
at  kilometer  scale  may  be  comparable  with  that  of  cohesionless  sand  at 
centimeter  scale.  Also,  the  flows  are  underlain  probably  by  ancient  regolith 
material  and  possibly  by  poorly  consolidated  pyroclastic  material  [16].  At 
depth,  tension  fractures  may  accommodate  the  collapsed  material  [17]. 

The  Alba  Patera  region  covers  15°  of  latitude;  it  ranges  in  elevation 
from  3 to  7 km.  To  determine  possible  effects  of  latitude  and  thickness  of 
volcanic  material,  we  recorded  the  map  coordinates  and  elevation  [from  18]  of 
each  graben  and  pit-chain  measurement . We  also  measured  the  scarp  heights  of 
various  collapse  and  erosional  features  within  the  study  area.  Almost  all  of 
these  features  are  contained  in  the  older  plains  units  within  the  Tempe  Terra 
region.  The  scarps  may  indicate  either  the  thickness  of  the  plains  units  or 
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a base  level  of  erosion  represented  by  the  same  mechanical  discontinuity  that 
controlled  development  of  the  grabens  and  pit  chains. 

RESULTS:  We  found  that  the  scarps  around  the  "islands"  of  Hesperian  ridged 
plains  material  along  the  south  border  of  Tempe  Terra  are  consistently  between 
0.4  and  0.6  km  high,  a range  similar  to  that  of  the  scarp  heights  found  on 
this  unit  in  Lunae  Planum  [ 1 ] . Scarp  heights  along  the  east  edge  of  the  Tempe 
Terra  plateau  are  as  much  as  1 . 1 km,  which  corresponds  closely  to  thicknesses 
of  the  ridged  plains  unit  near  30°  N.  latitude;  these  thicknesses  were 
calculated  from  diameters  and  exposed  rim  heights  of  partly  buried  craters  and 
a relation  between  crater  diameter  and  rim  height  [19]. 

The  six  flat-floored  troughs  that  we  examined  within  Tempe  Terra  have 
two  depth  ranges:  three  smaller  troughs  have  depths  near  0.4  km,  and  three 
larger  troughs  have  depths  of  1.3-1. 6 km.  Because  all  six  troughs  are 
mutually  adjacent,  it  is  unlikely  that  the  two  depths  represent  the  same 
interface.  The  shallower  one  probably  \represents  the  thickness  of  one  of  the 
plateau  units  that  occur  in  the  area  (either  the  lower  member  of  the  Tempe 
Terra  Formation  or  the  cratered  plateau  unit  [20]).  The  greater  depth  may 
indicate  the  thickness  of  the  entire  sequence  of  Tempe  Terra  plateau  units  or 
the  depth  to  a mechanical  discontinuity  within  the  regolith.  The  single  flat- 
floored  trough  that  occurs  within  Alba  Patera  (37.9°  N.  latitude,  103.6° 
longitude)  has  a depth  of  1.3  km,  which  suggests  that  the  larger  trough  depths 
within  Tempe  Terra  probably  represent  a mechanical  discontinuity,  because  Alba 
Patera  and  Tempe  Terra  do  not  have  the  same  stratigraphy. 

The  172  estimated  depths  to  the  mechanical  discontinuity  that  initiated 
faulting  within  Alba  Patera  range  between  1 and  6 km.  They  have  a modal  value 
of  about  1.6  km  (compared  with  1.0  km  near  the  Martian  equator  [1])  and  an 
average  of  2.3  km  (compared  with  1.5  km  near  the  Martian  equator  [1])-  The 
pit  spacings  along  the  three  large  catenae  and  several  smaller  pit  chains 
within  Alba  Patera  range  between  1.0  and  3.2  km  and  average  1.6  km.  If  the 
laboratory  experiments  of  [15]  are  analogous  to  Martian  regolith  processes, 
then  these  pit-spacing  values  indicate  the  thickness  of  the  regolith  above 
major  tension  fractures  that  caused  regolith  collapse.  Because  the  depth 
estimates  from  both  the  graben  measurements  and  the  pit  spacings  result  in 
similar  values,  we  believe  that  the  same  crustal  discontinuity  is  involved  in 
both  processes. 

The  average  depths  to  the  mechanical  discontinuity  that  initiated 
faulting  found  for  the  Martian  equatorial  region  (1.0-1. 5 km  [1])  and  for  30°- 
40°  N.  latitude  (1.6— 2.3  km)  correspond  closely  to  thickness  estimates  of  the 
Martian  cryosphere  for  this  latitude  range  [2,4-6].  However,  our  detailed 
examination  of  depths  to  a mechanical  discontinuity  (by  both  graben  and  pit- 
spacing measurements)  found  no  obvious  correlation  with  latitude  between  30° 
and  45°  N.  Our  detailed  comparison  of  depths  to  a mechanical  discontinuity 
with  change  in  elevation  within  Alba  Patera  found  no  apparent  correlation, 
which  suggests  that  this  mechanical  discontinuity  formed  after  Alba  Patera  and 
was  not  dependent  on  regolith  composition.  This  study  and  that  of  [1] 
indicate  that  the  mechanical  discontinuity  that  initiated  faulting  and  pit- 
chain  development  was  associated  with  the  Martian  cryosphere,  either  directly 
or  indirectly. 

REFERENCES : [1]  Davis,  P.  A.,  and  M.  P.  Golombek,  Discontinuities  in  the 


512 


gSLdil  fate,  Icarus,  26,  179-202  1976.  13]  Carr  G^G. 

Schaber,  Martian  ^^TOS^ea^j^,n  ^SSd  ice'  on  ' Mars:  Inventory, 

^^“dresu^Vi^aJfoiiSr^,  39-59,  1931  [»]  Clifford 

S M. , and  D.  Hillel,  The  stability  of  ground  ice  in  the  equatorial  reg 
^ T r^oDhvs . Res.,  88,  2456-2474,  1983.  [6]  Fanale,  F.  p. ,J-_  ^ 

SlJail  A ? Zent,  and  sTe.  Postawko,  Global  distribution  and  migration  of 
baivaii,  a.  r.  ^cuv-,  cn  fi  r71  wise  j)  u.  , Geologic  map 

subsurface  ice  on  Mars,  Icarus,  67,  1-18,  1936^  Sur./  Misc. 

- th:  ncefiaM nss  isr-  ^ rR. 

UlysMses^eraF Ti7o^1f  h£T,  Proc.  20th  Lurer  and  Planet^Sci.  Con^Luvar 

and  Planetary  Institute,  Houston,  503  513,  1990.  [ ] . ^ Lunar 

history  of  the  Alba  Patera-Ceraunius  Fossae  region  of  Mars  Proc. __20th  L 
and  Planet  Sci  Conf.,  Lunar  and  Planetary  Institute,  Houston,  515  523-_l99°- 
frfi  Davis'  P A.  and  L.  A.  Soderblom,  Modeling  crater  topography  and  albedo 
frl  Scopic  Viking  Orbiter  images  - I.  Methodology,  J Geophys 

89,  9449-9457,  1984.  [12]  Tanaka,  K.  L , and  P.  A’^V1S'  9l7 

^f  the  Syria  Planum  province  of  Mars,  J.  Geophys.  Res.,._93,  14,893  u.vii. 
?988  [l£  Golombek,  M.  P.  , Structural  analysis  of  lunar 

shallow  crustal  structure  of  the  Moon,  J.  Geophys.  Res.  84,  4657-4666,  1979. 
U4]  Golombek,  M.  P.  , and  G.  E.  McGill,  Grabens,  ^in  tectonics,  ^ maximum 
total  exoansion  of  the  moon,  J.  Geophys.  Res.  88,  3563-3578,  1983.  [15] 

Horstm^T  C. , and  H.  J.  Melosh,  Drainage  pits  in  cohesionless  mater lals . 
Tmnl ications  for  the  surface  of  Phobos,  J.  Geophys.  Res.  94,  12,433  12-441, 

1989.  [16]  Mouginis-Mark,  P.  J. . L.  Wilson,  and  J. _ R‘ 

. . a i Vva  •♦-ra'po  Mars  HuXl*  Vo3c3ruo.l  ■ / 50 » 361  379  ^ 19oo.  L J 

TaSka01?  L. , and  M.  P.  Golombek,  Martian  tension  fractures  and  the 
of^bens  and  collapse  features  in  Valles  Marineris,  Proc.  l||Ugn^ 
Planet . Sci.  Conf. , Lunar  and  Planetary  Institute,  Houston,  383  396, 

[18]  U.S.  Geological  Survey,  Topographic  map  of  the  western  e<^  or  la 
of  Mars  scale  1-15,000,000,  U.S.  Geol.  Surv.  Misc.  Invest.  Ser.  I 203g,  sneet 
f 55'.  Till  Plescia , J . B. , and  R.  S.  Saunders,  Estimation  of  the^hickness 
of  the  Tharsis  lava  flows  and  implications  for  the  nature  of  the  ^°P°^r^E^y 
of  the  Tharsis  plateau,  Proc.  11th  Lunar  and  Planet.  Sci.  Conf^,  2423  2426, 
i qqq  r 20 1 Scott  D.  H.,  and  K.  L.  Tanaka,  Geologic  map  of  the  western 
equatoria^regior^of  Mar",  scale  1:15.000,000,  U S.  geol,  Surv.  Misc.  Invest, 
Ser.  Map  I-1802-A,  1986. 


513 


VALLES  MARINERIS  LANDSLIDES: 
ROCK  AVALANCHES;  A.  S.  McEwen,  U. 

AZ  86001. 


EVIDENCE  FOR  MECHANICS  OF  LARGE 

S.  Geological  Survey,  Flagstaff, 


-The  mechanism  of  transport  of  large  rock  avalanches  has  been 
he  subject  of  considerable  interest  and  controversy  in  recent 
decades.  On  Earth,  the  observed  runout  lengths  (L)  for  large  rock 
avalanches,  relative  to  the  height  of  drop  (H) , are  much  greater 
than  can  be  explained  by  either  sliding  or  dispersive  grain-flow 
mechanisms.  Most  natural  rock  types  have  coefficients  of  friction 
(either  sliding  or  internal  friction)  of  0.6  or  higher,  so  movement 
ls^  expected  only  over  terrain  with  an  average  slope  of  at  least 
30*  (or  H/L  at  least  0.58);  this  expectation  is  confirmed  for  rock 
avalanches  of  relatively  small  volume  and  for  other  flows  of  dry 
granular  material.  However,  as  rock  avalanches  increase  in  volume, 
H/L  decreases  to  values  as  low  as  0.1  or  less,  and  a log-log  plot 
of  H/L  versus  volume  shows  a linear  correlation  [1,2]. 

Planetary  comparisons  under  different  conditions  of  gravity 
atmospheric  pressure,  and  volatile  inventory  may  prove  essential 
to  resolving  this  question  of  mechanism.  Mars  is  the  only 
planetary  body  other  than  Earth  known  to  have  long-runout 
landslides;  they  are  abundant  in  the  equatorial  canyon  system  of 
the  Valles  Marineris.  Were  the  Valles  Marineris  landslides  "wet" 
or  "dry"?  ("Wet"  is  taken  to  mean  that  the  mass  was  saturated  with 
water,  thus  eliminating  or  greatly  reducing  grain-to-grain 
contacts.)  Lucchitta  [3]  thought  that  they  were  probably  wet 
whereas  McEwen  [4]  concluded  that  they  were  probably  dry.  It  has 
even  been  suggested  that  the  landslides  were  subaqueous,  collapsing 
into  lakes  [5].  However,  the  landslides  are  among  the  geologically 
youngest  features  on  Mars  [6];  they  clearly  postdate  the  interior 
layered  deposits  (of  possible  lacustrine  origin) , and  there  is  no 
evidence  for  liquid  water  on  the  surface  of  Mars  at  the  time  of 
their  formation. 


Landslide  properties  were  measured  in  three  regions  of  Valles 
Marineris,  where  1: 500, 000-scale  topographic  maps  with  200-m 
contour  intervals  are  available:  (1)  the  Tithonium  and  Ius  Chasmata 
region  from  about  lat  -9°  to  -4°,  long  83°  to  88°  [7];  (2)  an 
additional  part  of  Tithonium  Chasma  from  lat  -7.5°  to  -4°,  long  80° 
to  85°;  and  (3)  a region  including  Ophir  Chasma  and  part  of  Candor 
Chasma  from  lat  -7.6°  to  -3°,  long  70°  to  75.1°.  (Work  on  maps  of 
,7-fw-St  tWO  re9i°ns  is  in  progress  by  the  U.S.  Geological  Survey.) 
Within  these  regions,  25  landslides  having  identifiable  source 
locations  and  avalanche  deposits  were  studied.  All  of  the 
relatively  high  resolution  (200  m/pixel  or  better)  Viking  Orbiter 
images  of  these  areas  were  utilized. 


Landslide  volumes  were  estimated  by  two  methods.  For  the 
large  landslides  with  well-defined  slump  scars,  the  volume  missing 
from  the  scars  was  estimated.  For  the  smaller  landslides  the 
scars  are  too  small  relative  to  the  topographic  data  for  the 
missing  volume  to  be  estimated,  but  the  deposits  appear  to  have 
uniform  thicknesses;  thus  the  volumes  were  estimated  from  the 
landslide-deposit  area  times  the  estimated  height  of  the  flow 
front.  The  errors  in  the  volume  estimates  are  small  compared 
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with  the  variations  in  landslide  volume  (more  than  5 orders  of 

magnitude.  a Bingham  rheology  for  the  avalanche  and  uniform, 

steady  flow  conditions,  then  the  yield  strength  K,  may  be 
estimated  by  K = pgDsinB,  where  p is  the  flow  density,  g is  the 
gravitational  acceleration  (3.72  m/s  for  Mars) , D is  the  heig 
the  flow  front,  and  B is  the  ground  slope  at  the  flow  front.  For 
p,  2000  kg/m3  was  assumed,  which  is  characteristic  of  terrestri 
rock  avalanches.  Yield-strength  estimates  range  from  10  to  10  Pa. 
Terrestrial  dry-rock  avalanches  are  characterized  by  yield 
strengths  near  104  Pa,  whereas  water-saturated  debris  flows  have 
yield  strengths  typically  from  10  to  10  Pa.  Therefore,  ^1 

an  uncertainty  in  the  yield-strength  estimates  °f. . an  °*d*r. 
magnitude,  the  values  are  clearly  consistent  with  the  yield 

strengths  typical  of  dry  rock  debris.  . 

Trends  of  decreasing  H/L  with  increasing  volume  are  obvious 
from  both  the  terrestrial  and  the  Valles  Marineris  observations, 
liast-souare  fits  to  the  datasets  give  linear  correlation 
coefficients  of  0.82  for  the  terrestrial  points  and  0.90  for  the 
Valles  Marineris  points.  The  slopes  of  the  two  trends  are  near  y 
identical.  These  relations  are  very  different  from  those  seen  l 
wet  debris  flows,  where  H/L  is  almost  always  less  than 
irrespective  of  volume.  If  the  Valles  Marineris  landslides  were 
either  wet  debris  flows  or  subaqueous  flows,  then  the  points  would 
be  expected  to  plot  below  the  terrestrial  values  for  dry  rock 
avalanches.  Instead,  the  Valles  Marineris  trend  plots  above  the 

terrestrial^trend.  Qf  fche  terrestrial  and  Valles  Marineris 

trends  are  nearly  identical,  there  is  clearly  an  offset  ^ ® 

trends.  At  a given  value  of  H/L,  the  Martian  landslides  are 
typically  about  50  to  100  times  more  voluminous  than  the 
terrestrial  counterparts,  or,  at  a given  volume,  H/L  is  typical  y 
about  two  times  larger  on  Mars.  The  offset  might  be  explained  by 
the  effect  of  a lower  g on  flows  with  high  yield  strengths. 
Although  this  explanation  does  not  answer  the  more  fundamental 
question  of  how  friction  is  overcome  m large  dry-rock  avalanches, 
it  does  suggest  that  the  correct  model  should  be  consistent  with 
the  presence  of  high  yield  strengths  in  the  moving  flows. 
Fluidization  by  a gas,  for  example,  eliminates  the  yield  strength 
in  an  active  flow  and  is  not  consistent  with  the  evidence  presented 

here. 
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DETERMINATION  OF  COHESION  AND  ANGLE  OF  INTERNAL 
FRICTION  OF  MARTIAN  SLOPE  MATERIALS.  Robert  Sullivan  and  Michael 
Malm,  Department  of  Geology,  Arizona  State  University,  Tempe,  AZ,  85287. 

Previous  work  on  steep  martian  slopes,  especially  the  walls  of  the  Valles  Marineris,  has 
sought  to  identify  the  processes  responsible  for  scarp  recession  (dry  mass  wasting  has  remained 
the  preeminent  hypothesis1)  and  the  patterns  of  slope  evolution.2'8  The  research  reported  here  has  a 
different  objective,  the  determination  of  quantitative  information  about  the  characteristics  of  martian 
materials,  using  steep  slopes  only  as  the  most  viable  setting  in  which  to  attempt  this.  Because  of 
this  difference  in  approach,  certain  features  of  steep  martian  slopes  that  so  far  have  been  less 
important  to  previous  workers  in  their  efforts  become  relatively  more  important  in  this 
investigation.  The  steepest  slopes  within  the  Valles  Marineris  occur  just  below  scarp  brinks  and 
are  characterized  by  fine  scale  crenulations  (previously  described  as  U-shaped  chutes1,  fluted 
scarps2,  rocky  ribs3,  etc.);  these  features  have  received  relatively  little  attention  thus  far.  On  close 
inspection,  these  small  gullies  typically  have  narrow  triangular  or  half  hour-glass  shapes,  with  the 
acute  (but  usually  open)  ends  pointing  downslope,  generally  resembling  terrestrial  landslide  scars. 
These  features  are  of  similar  form  to  the  much  larger,  more  heavily  studied  (spurs  and)  gullies, 
although  they  are  less  arcuate,  more  acute,  and  occur  on  generally  steeper  slopes  subjacent  to  scarp 
brinks.  These  fine  scale  gullies  or  chutes  occur  within  each  of  the  three  main  categories  of  Valles 
Marineris  wall  morphology  (around  the  rim  and  especially  at  the  heads  of  major  gullies,  along  the 
walls  of  tributary  canyons,  and  rimming  the  headscarps  of  massive  landslide  scars)  and  are 
characteristic  of  steep  slopes  elsewhere  on  Mars,  including  the  interior  walls  of  the  Olympus  Mons 
and  Ascraeus  Mons  calderas,  certain  places  along  the  basal  scarp  of  Olympus  Mons,  the  walls  of 
channels  in  the  Kasei  area,  and  the  interior  walls  of  some  large,  fresh  craters. 

The  hypothesis  investigated  in  this  research  is  that  spur  and  gully  morphology  is  the  result 
of  repeated  catastrophic  mass-wasting  governed  by  development  of  a "soil"  mantle  of  reduced 
strength  (compared  to  the  original  bedrock)  on  steep  slopes.  The  mass  wasting  cycle  is  defined  by 
a weak  mantle  layer  developing  and  thickening  at  the  expense  of  the  underlying  sloping  rock,  until 
the  layer  fails  catastrophically  under  its  own  weight  down  the  mantle/rock  interface.  The  shape  of 
the  slip  surface  is  largely,  but  not  entirely,  defined  by  the  mantle/rock  interface.  Steep  slopes,  with 
correspondingly  steep  mantle/rock  interfaces,  will  only  be  able  to  develop  relatively  thin  mantles 
before  layer  failure  occurs,  producing  relatively  shallow,  narrow  gullies  from  nearly  flat  slip 
surfaces,  and  tightly-spaced,  shallow  spur  and  gully  slope  morphology.  The  hypothesis  also 
implies  that  gentler  slopes  will  require  thicker  soil  development  for  failure  to  occur,  resulting  in 
relatively  deeper,  wider  gullies,  with  significant  curvature  to  their  slip  surfaces. 

The  hypothesis  is  supported  by  evidence  for  considerable  soil  production  on  Mars.  Direct 
evidence  is  supplied  by  in  situ  detection  and  characterization  of  soils  at  the  Viking  Lander  sites,9 
observations  of  large  dust  storms,10  observations  of  aeolian  features,11  and,  indirectly,  indications 
°.  ‘ ^ m mantle  of  fine  particles  covering  much  of  the  martian  surface.12  Soils  generally  have 

significantly  lower  strengths  than  the  rock  they  are  derived  from,  and  periodic  catastrophic  mass- 
movement  of  developing  soil  of  reduced  strength  seems  inevitable  if  the  resulting  soil  is  weak 
enough  and  slopes  are  steep  enough. 

The  strength  of  geological  materials  can  be  described  by  the  well-known  Coulomb 
equation: 

x = c + a tan  <J> 

where  x = shear  stress,  c = cohesion,  o = normal  stress,  and  <J)  = angle  of  internal  friction.  Values 
of  cohesion,  c,  for  common  geological  materials  range  across  three  orders  of  magnitude;  angles  of 
internal  friction  range  from  about  7 to  50  degrees.13  Although  different  rock  groups  have  their  own 
ranges  of  c and  <J>,  and  some  groups  overlap  one  another,  many  rock  groups  can  be  distinguished 
readily  from  one  another  on  the  basis  of  their  strength  parameters.  An  important  consequence  of 
the  wide  range  of  rock  types  and  c and  4>  values  is  that  it  is  not  necessary  to  determine  c and  4) 
values  themselves  with  great  precision  to  identify  likely  candidates  for  analogs  to  martian  materials. 

The  stability  of  several  standing  (whole)  slopes  in  Noctis  Labyrinthus  and  several  large 
wall  failures  with  small  displacements  in  the  Tithonium-Ius  Chasmata  region  has  been  evaluated 
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previously  by  assuming  material  homogeneity  and  log-spiral  potential  failure  surfaces.8  The 
present  work  differs  significantly  in  that  the  hypothesis  investigated:  (1)  focuses  on  the  fine  scale 
mass-wasting  chutes  on  the  steepest  slopes  (no  talus  components)  immediately  subjacent  to  scarp 
brinks;  and  (2)  requires  failure  surfaces  that  reflect  material  inhomogeneities  by  following 
mantle/rock  interfaces,  resulting  in  failure  surfaces  that  are  not  log-spiral  but  planar  over 
considerable  percentages  of  their  profiles.  The  procedure  employed  in  this  study  for  analysis  of 
the  martian  mass  wasting  features  is,  in  some  ways,  the  inverse  of  standard  civil  engineering 
practice,  which  typically  determines  the  factor  of  safety  of  a slope  that  has  not  yet  undergone 
failure.  As  slope  failure  for  the  martian  chutes  has  already  occurred,  the  factor  of  safety  is  set  = 1 . 
The  gradient  of  these  chutes  can  be  inferred  from  one  published  and  two  preliminary  high 
resolution  1:500K  topographic  maps  covering  portions  of  the  Valles  Marineris.141516  An  infinite 
slab  analysis  (setting  the  factor  of  safety  = 1)  is  used  together  with  the  thickness  of  the  slide  mass 
indicated  from  orthographic  Viking  images  to  solve  for  likely  pairs  of  c,  4>  values.  The  state  of 
progress  of  this  research  does  not  yet  support  conclusive  generalizations,  but  preliminary  results 
indicate:  (1)  friction  angles  of  about  30°  or  less  are  implied  for  much  of  the  spur  and  gully  slope 
mantle  material  for  which  we  have  topographic  data;  and  (2)  in  many  cases  c,  <J>  values  of  martian 
slope  mantle  material  indicate  that  soft  glacial  clay,  stiff  glacial  clay,  and  glacial  till  serve  as  the 
closest  terrestrial  mechanical  analogs.  Ongoing  work  includes  the  application  of  this  analysis  to 
additional  slope  localities  on  Mars,  the  comparison  of  infinite  slope  analysis  used  here  with  the 
Morganstem-Price  technique17  for  chutes  with  relatively  high  thickness:profile  length  ratios,  and 
the  analysis  of  the  stability  of  the  standing  walls  of  these  fine-scale  chutes. 


At  failure,  t = c + a tan  4»,  so  tpgAsinO  = c + tpgAcosO  . tan4> 

A A 

which  yields:  t = c / (pgcos0(tan9-tan<)))).  For  mass  movement 
indicated  at  lat  -3.91,  Ion  74.58  (VO915A10,  MTM  -05072, 
preliminary  topographic  map),  0 ~ 33  deg,  t indicated  ~ 140  m. 

For  p ~ 1220  kg/m^  (terr.),  then  possible  c,4>  = (50  kPa,  29.2  deg) 

For  p — 1840  kg/m^  (terr.),  then  possible  c,<|>  = (55  kPa,  30.2  deg) 

For  p ~ 2040  kg/m^  (terr.),  then  possible  c,p  = (60  kPa,  30.3  deg) 

In  each  case  the  values  for  c,<|>  lie  within  the  range  of  terrestrial  soft 

glacial  clay  (the  corresponding  terrestrial  density  is  -1220  kg/m^). 
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"BLACKHAWK-LIKE"  LANDSLIDES  ON  EARTH  AND  MARS 

Philip  J.  Shallcr  and  Bruce  C.  Murray,  Division  of  Geological  & Planetary 
Sciences,  California  Institute  of  Technology,  Pasadena,  CA  91125 

Long-runout  landslide  deposits  on  Earth  and  Mars  share  a common  range  of 

morphologies.  Figure  1 illustrates  one  common  morphology  type  that  occurs  on 
both  planets.  The  deposits  are  characterized  by  thick,  distal  debris  heaps  which 

thin  toward  the  headscarp.  Headward  of  the  distal  heap,  the  deposits  are  marked 

by  thin  debris  sheets  bracketed  by  distinct  lateral  levees  which  nearly  match  the 

height  of  the  distal  heap.  These  deposits  are  referred  to  as  "Blackhawk-like" 

because  the  Blackhawk  landslide  in  southern  California  is  the  most  familiar 
terrestrial  example  of  this  morphology  type  (Shreve,  1968a).  Other  terrestrial 
examples  occur  in  the  Sierras  Pampcanas  of  northern  Argentina  (Fauque  and 
Strecker,  1988).  One  martian  and  one  terrestrial  example  are  bi-lobatc,  but 

otherwise  share  the  same  characteristic  features.  Second-order  characteristics  of 

the  "Blackhawk-like"  landslides  include  faint  alternating  radial  light  and  dark 
bands  on  the  distal  heaps  and  transverse  distal  heap  ridges,  which  arc  clearly 
exhibited  only  on  the  Blackhawk  and  Silver  Reef  landslides  in  California. 

A characteristic  difference  between  the  martian  and  terrestrial 
"Blackhawk-like"  landslides  is  the  greater  thickness  of  the  martian  landslides  as 
determined  from  shadow  measurements  on  high-resolution  Viking  Orbitcr  images 
of  the  deposits.  The  distal  heaps  of  many  terrestrial  deposits  measure  about  30  m 

in  thickness,  while  80  m is  common  in  martian  landslides.  This  thickness 

difference  may  be  a response  to  the  difference  in  gravity  between  the  two 
planets.  Martian  gravity  is  0.38  the  terrestrial  value. 

The  distribution  of  martian  "Blackhawk-like"  landslides  is  not 
characteristic  of  other  martian  landslide  deposits,  which  are  concentrated  in 
Valles  Marineris.  None  of  the  six  martian  examples  lie  in  Valles  Marincris;  live 

arc  in  the  old  cratered  highlands,  and  one  is  situated  in  the  caldera  of  Olympus 

Mons.  The  landslides  therefore  occur  on  both  the  oldest  and  youngest  geologic 
units  on  the  planet.  None  of  these  deposits  appear  to  be  of  great  age  because  they 
exhibit  few  or  no  impact  craters  and  have  clear,  unmodified  morphologies.  These 
geologically  recent  landslides  therefore  were  probably  emplaced  under 

essentially  modern  martian  climatic  conditions. 

Figure  2 plots  log(volume)  versus  the  ratio  of  runout  length  to  fall  height 

for  six  terrestrial  and  six  martian  "Blackhawk-like"  landslides.  The  plot  illustrates 
that  the  commonly  observed  correlation  between  increasing  volume  and  long- 
runout  for  large  landslides  holds  for  both  the  martian  and  terrestrial  deposits 
(Hsu,  1975).  However,  the  trends  in  Figure  2 are  parallel  rather  than  co-lincar. 

This  indicates  that,  for  a given  volume  and  fall  height,  the  martian  "Blackhawk- 
like"  landslides  will  not  travel  as  far  as  their  terrestrial  counterparts.  This  is 
probably  related  to  the  observation  that  martian  landslides  are  several  times 
thicker  than  their  terrestrial  counterparts.  Thus,  the  martian  deposits  do  not 
spread  out  as  much  as  do  landslides  on  Earth  and  the  slides  do  not  extend  as  far 

from  the  headscarp. 

Figure  3 interprets  the  morphological  development  of  "Blackhawk-like" 
landslides  during  deposition.  Immediately  following  the  initial  slope  failure,  the 
landslides  take  up  a bulbous  shape  distally  and  begin  to  deposit  a thin  sheet  of 
rubble  bracketed  by  sharp  lateral  levees.  As  motion  continues,  deposition  of  the 

thin  sheet  and  levees  proceeds,  while  the  bulbous  distal  heap  shrinks  in  relative 
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dimensions.  Apparently,  debris  in  the  thin  sheet  and  levees  is  derived  from  the 
distal  heap,  which  shrinks  as  motion  and  deposition  continue.  Given  a 
sufficiently  high  ratio  of  fall  height  to  volume,  the  process  will  continue  until 

the  distal  heap  is  used  up.  The  resulting  deposit  is  an  elongate  ring  of  debris. 
Given  varying  starting  conditions,  a MBlackhawk-like,,  landslide  may  be  frozen  in 

place  at  any  step  in  this  progression. 

Several  conclusions  can  be  drawn  about  the  nature  and  mechanics  of 
"Blackhawk-like"  landslides  from  the  above  data.  The  first  conclusion  is  that  the 

landslides  arc  dry  at  emplacement.  This  is  argued  for  the  terrestrial  examples 

(Shreve,  1968a;  Fauque  and  Strecker,  1988)  and  is  supported  for  the  martian 
landslides  by  their  geographic  distribution.  All  the  martian  "Blackhawk-like" 
landslides  originated  in  surficial  deposits  in  low  latitude  regions  thought  to  be 
dessicated  to  considerable  depth.  From  35°  to  0°  latitude,  Mars  is  considered 
dcssicated  to  a depth  of  40  to  120  m respectively  (Fanale,  et  al.,  1986).  Near-surface 
liquid  water  is  particularly  unlikely  for  the  deposit  in  the  caldera  of  Olympus 

Mons,  which  originated  in  basaltic  talus  and  bedrock  at  an  altitude  of  25  km. 

The  occurrence  of  geologically  recent  "Blackhawk-like"  landslides  on  Mars 
is  also  significant  for  evaluation  of  the  air-layer  lubrication  theory  of  long- 
runout.  Shreve  (1968a, b)  developed  the  theory  to  explain  the  long-runout  and 
unusual  scdimentological  and  morphological  features  of  the  Blackhawk  landslide. 
However,  only  under  exceptional  circumstances  can  air-layer  lubrication  operate 

on  Mars  with  its  current  thin  atmosphere.  In  air-layer  lubrication,  a landslide 
must  capture  and  retain  beneath  it  a pressure  of  gas  equivalent  to  its  weight.  At 

the  datum  elevation  on  Mars  (6.1  mbar  pressure),  an  80  m-thick  breccia  sheet 
would  have  to  trap  a 40  m high  column  of  atmosphere  per  unit  area  of  landslide  to 
support  a 0.3  m compressed  gas  cushion  beneath  the  landslide.  In  comparison,  a 
30  m breccia  sheet  on  Earth  need  only  capture  a 0.8  m column  of  air  per  unit  area 
of  landslide  (Shreve,  1968b).  Even  given  a high  launching  ramp,  which  occurs 

for  some  of  the  deposits,  collecting  the  required  volume  of  gas  per  unit  area  is 
difficult.  However,  given  a suitable  captured  gas  layer  and  an  80  m thick  debris 

sheet  of  1 darcy  permeability,  leakage  would  be  slow  enough  to  allow  air-layer 
lubrication  on  Mars. 

Other  characterisitcs  of  "Blackhawk-like"  landslides  are  also  difficult  to 
reconcile  with  air-layer  lubrication.  One  factor  is  the  2.6  times  greater  thickness 
of  martian  landslides  compared  with  terrestrial  examples.  This  variation  cannot 
be  explained  by  the  air-layer  theory.  Also,  the  martian  deposits  and  at  least  one 
terrestrial  example  fail  to  exhibit  tranverse  ridges,  which  are  attributed  to 
catastrophic  slowing  of  air-lubricated  landslides  when  the  air  layer  leaks  out. 
Further,  the  time-variable  morphologic  development  of  the  "Blackhawk-like" 
landslides  inferred  in  Figure  3 does  not  agree  with  the  model  developed  by 
Shreve  (1968a).  Also,  there  is  no  apparent  relation  between  the  height  of  cliffs 
jumped  (or  not  jumped)  by  the  martian  deposits  and  the  runout  lengths  of  the 
landslides,  as  might  be  anticipated  in  a gas-starved  environment. 

Though  the  mechanism  of  long-runout  and  morphology  development  of 
the  "Blackhawk-like"  landslides  is  not  yet  clear,  the  martian  examples  appear  to 
rule  against  air-layer  lubrication.  The  morphological  similarities  between  the 
martian  and  terrestrial  examples  implies  that  the  same  mechanism  operates  for 
all  "Blackhawk-like"  landslides.  Any  viable  mechanism  must  account  for  the 
observed  characteristics  as  well  as  explain  why  all  landslides  do  not  form  the 
"Blackhawk-like"  morphology  during  deposition. 
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LARGE  SCALE  COMPRESSION  STRUCTURES  IN  THE  ERIDANIA-PHAETHONTIS  REGION:  MORE 

EVIDENCE  FOR  POLAR  WANDERING.  R.  W.  Wichman  and  P.  H.  Schultz.  Dept,  of  Geological  Sciences. 
Brown  University,  Providence  R.l. 

INTRODUCTION:  Although  most  tectonic  structures  on  Mars  can  be  associated  with  stresses  due 
to  either  Tharsis  formation  (1.2, 3, 4)  or  basin  modification  (4,5,6).  some  structures  in  the  martian 
highlands  appear  to  be  independent  of  both  stress  sources.  Two  major  systems  of  ridges  and  scarps 
rival  the  lobate  scarps  of  Mercury  in  size  and  indicate  that  a large,  regional-scale  compressionai 
event  occurred  in  the  Terra  Cimmeria/Terra  Sirenum  region  (7).  These  structures  cannot  be  ex- 
plained by  either  Tharsis-centered  or  basin-centered  regional  stress  models,  but  may  reflect  defor- 
mation due  to  polar  wandering  as  predicted  by  Melosh  (8).  If  the  Tharsis  Province  was  not  so  interest- 
ing tectonically,  the  size  and  isolation  of  these  features  would  have  attracted  immediate  attention  and 
possibly  stimulated  discussions  comparable  to  those  of  the  mid-1970's  for  Mercury.  In  this  abstract, 
we  use  crater  deformation  to  estimate  the  amount  of  crustal  shortening  across  these  scarp,  ridge 
systems  and  reconsider  the  possible  sources  the  causative  compressionai  stress  field. 

FEATURE  DESCRIPTION:  The  ridge  systems  described  here  are  Eridania  Scopulus  and  a system 
of  scarps  and  ridges  located  near  the  Copernicus  impact  basin.  The  two  systems  are  of  simitar 
with  crater  dates  (derived  from  linear  crater  counts  (6,9))  of  -381  ± 270  and  -341  ± 240  N(>5)/ 10 
km2,  respectively.  The  Copernicus  ridge  system  is  at  least  840  km  in  length,  whereas  Eridania 
Scopulus  extends  over  1000  km.  Shadow  measurements  indicate  typical  scarp  and  ridge  heights  of 
500-700  m with  a maximum  relief  exceeding  1 km.  The  systems  are  thus  comparable  in  size  and 
scale  of  deformation  to  the  mercurian  lobate  scarps,  which  are  typically  several  hundreds  of 
kilometers  in  length  and  range  in  relief  from  a few  hundreds  of  meters  to  one  or  two  kilometers 
(10,11).  The  martian  systems  differ,  however,  in  detailed  morphology  from  the  mercurian  lobate 
scarps.  The  mercurian  scarps  are  typically  more  rounded  and  flatter  in  profile  than  the  martian  fea- 
tures; and  while  the  mercurian  scarps  occur  as  long,  individual  features,  the  martian  systems  are 
continuous  bands  of  deformation  100  to  200  km  wide  containing  between  2 and  5 distinct,  parallel  to 
subparallel  structures.  In  general,  these  structures  are  scarp-like  with  a backslope  away  from  the 
scarp  on  the  uplifted  side.  Where  they  cross  the  floors  of  large  craters  (>20  km  diameter)  or  inter- 
crater plains  units,  scarp  expression  is  subdued  and  more  rounded.  In  some  plains  regions  the  scarps 
then  merge  into  wrinkle  ridge  systems  of  the  same  orientation.  Finally,  the  martian  scarp  systems 
coincide  with  or  form  apparent  linear  topographic  highs  (figure  1).  Such  behavior  is  not  characteristic 
of  the  mercurian  lobate  scarps  and  may  reflect  the  combined  effects  of  uplift  across  individual  struc- 
tures in  the  martian  systems. 

CRUSTAL  SHORTENING:  The  nature  and  degree  of  deformation  in  the  martian  ridge/scarps  are 
best  revealed  by  the  modification  of  craters.  Deformation  most  commonly  joins  scarps  of  higher 
relief  on  each  side  of  the  crater  with  a linear,  asymmetric  ridge  cutting  directly  across  the  crater 
floor.  This  pattern  resembles  crater  deformation  along  the  mercurian  lobate  scarps  (11),  but  differs 
from  the  typical  deformation  associated  with  smaller  wrinkle  ridges,  which  tend  to  curve  around  a 
crater  interior  instead  of  cutting  directly  across  it  (4,12).  A less  common  modification  along  the  mar- 
tian  ridge/scarps  preserves  partial  craters  on  the  elevated  side  of  a scarp  but  does  not  preserve  the 
corresponding  down-thrown  rim  sections  (figure  1).  Three  craters  appear  foreshortened  due  to 
compressionai  deformation;  one  of  these  also  shows  an  offset  rim  along  the  scarp  resembling  defor- 
mation of  the  Guido  d’ Arezzo  crater  by  the  Vostok  scarp  on  Mercury  (11).  For  initially  circular  craters 
with  no  extension  perpendicular  to  compression,  the  difference  between  the  long  and  short  axes  of  a 
deformed  crater  provides  a measure  of  the  regional  shortening  across  the  structure.  Such  measure- 
ments for  these  three  craters  indicate  on  the  order  of  1.5-3  km  of  crustal  shortening  across  individual 
scarp  features.  This  is  comparable  to  the  values  derived  by  Strom  et  a!  (10)  for  Mercury,  where 
approximately  1-2  km  of  shortening  is  estimated  for  individual  mercurian  lobate  scarps. 

The  linear  nature  of  deformation  in  crater  interiors  and  the  preservation  of  uplifted  partial  craters 
are  consistent  with  compression  by  deep-seated  thrust  or  reverse  faulting.  Consequently,  the  ob- 
served scarp  relief  helps  to  constrain  fault  models  for  comparison  with  the  observed  crater  shorten- 
ing. For  a reverse  fault  with  a dip  of  60°  and  a scarp  500  m in  elevation,  we  would  expect  "290  m of 
shortening,  a value  some  5 to  10  times  smaller  than  that  indicated  by  the  deformed  craters.  Alterna- 
tively, a thrust  fault  with  a dip  of  25°  and  scarp  relief  of  500  m would  indicate  -1000  m of  shortening, 
consistent  with  the  estimated  crater  deformation.  Therefore,  a thrust  fault  model  for  these  scarps 
appears  consistent  with  the  observed  deformation,  and  the  parallel  scarps  in  the  Eridania  and  Coper- 
nicus-Newton  systems  might  represent  systems  of  associated  thrust  sheets.  If  the  shortening  over 
each  thrust  is  on  the  order  of  1-2  km,  in  keeping  with  the  crater  deformation,  such  systems  could 
accomodate  up  to  5 to  10  km  of  regional  shortening  perpendicular  to  the  scarp  trends. 

DISCUSSION:  The  timing  of  this  compressionai  event  can  be  derived  from  the  crater  ages  of  the 
two  systems  and  is  broadly  correlated  to  the  time  of  Tharsis  formation  (figure  2).  Due  to  the  large 
error  bars,  however,  these  age  determinations  encompass  both  the  time  of  ancient  Tharsis  faulting 
and  the  later  main  phase  of  Tharsis  radial  fracturing.  Although  coincident  in  time  with  Tharsis-centered 
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COMPRESSION  ON  MARTIAN  SCARP/RIDGE  SYSTEMS:  Wichman.  R.  W.  and  Schultz.  P.  H. 

deformation,  the  scarp/ridge  systems  occur  over _70°  from  the °f  Jo^provWe  compressive 
models  developed  by  Banerdt  et  al  (3).  only  lh®  rttf^rmation  east  of  Tharsis . however, 

stresses  at  this  distance  from  Tharsis.  Based  on  the  observe  Tharsis  center. 

Banerdt  et  al  argue  that  this  model  only  neither  lrend  is 

consist™^  wi^  Stress ?ori^nTa^ions  Because 

^ the  region,  current  models  o(  basin-centered  detorma- 
tion  (6)  could  not  account  lor  the  observed  pattern  ol  regional  compre  stress  field  inde- 

*\i  pendent  of  both  Tharsis  and  basin-controlled 
>:v  deformation  thus  appears  responsible  for  the 
formation  of  these  ridge/scarp  systems.  The 
dlobal  contraction  mechanism  proposed  lor 
Mercury  (10,11)  seems  unlikely  on  Mars  given 
At  the  early  timing  and  regional  scale  of  the 
4 ridae/scarps  as  well  as  the  widespread  contem- 
porary extension  associated  with  Tharsis.  Polar 
wandering.  however.  can  simultaneously 
produce  regions  of  compressive  and  tensile 
stress  at  the  several  kilobar  level  (8).  thereby 
producing  the  scale  of  deformation  indicated  by 
the  crater  shortening  data.  The  location  and 
orientation  of  the  scarp/ridge  systems  are  con- 
sistent with  polar  wandering  in  response  to  l har- 
sis  development  (7).  as  is  the  correlation  in  age 
of  ridae  formation  with  initial  Tharsis  activity. 

CONCLUSIONS:  Large  ridge/scarp  systems 
in  the  Terra  Cimeria/Terra  Sirenum  region  ap- 
pear to  reflect  a major  regional  event  of  com- 
Dressional  deformation  with  regional  crustal 
shortening  of  up  to  5-10  km.  Although  contem- 
porary with  Tharsis  fracturing,  ridge  system  for- 
mation appears  to  be  independent  of  Tharsis 
stress  fields  and  is  more  consistent  with  defor- 
, , „ c • mation  expected  in  the  polar  wander  scenario  of 

Figure  1.  Parts  of  the  Copernicus  system  (a)  and  tri-  . L t (7). 

dania  Scopulus  (b) . Arrows  indicate  craters  modified  by  bcnuiiz  ana  lu  * 

scarp  formation.  cfffrFNCES:  1)Wise  et  al  (1979)  Icarus  36, 

?56^472  2)Ptescia  and  Saunders  (1982)  J.  Geoph- 
Rt>c  87  9775-9791-  3)  Banerdt  et  al  (1982)  J . Geoph- 
Res  87  9723-9734.  4)  Chicarro  et  al  (1985)  Icarus  63, 
153-174 .5)  Wichman  knd  Schultz  (1987,  Lunar  Plane t 
Rci  Conf  18  1078-1079.  6)  Wichman  and  Schultz 

719891  J Geoph.  Res.  94.  17333-17357.  7)  Schultz 
and  Lutz  (1988)  Icarus  73.  91-141.  8)  Metosh  \}qgg\ 
Icarus  44 ' 745-751.  9)  Wichman  and  Schultz  (1986) 
Lunar  Planet  Sci.  Conf.  17.  942-943.  10)  Strom  et  al 
m 078 l l B Geoph.  Res.  80,  2478-2507.  11)  Strom 

(1978)  Space  Sci.  Rev.  24  . 3-70.  12)  Schultz  (1976) 

Moon  Morphology. 
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A MODEL  FOR  CRUSTAL  SUBDUCTION  BY  LARGE  IMPACTS;  R.  W.  Wichman  and  P.  H.  Schultz. 
Dept  of  Geological  Sciences.  Brown  University,  Providence.  R.l.  02912. 

Introduction:  In  the  standard  model  of  crater  excavation.  ^ 
represents  only  about  half  the  volume  of  the  transient  cavity  (1).  The  other  half  corres ;p< arr os 
downwardly  displaced,  shock-compressed  material  driven  beneath  e \y  ( -9^  1^2 

3 4 5)  In  large  craters,  the  final  crater  then  forms  by  the  collapse  of (h  s T mXah  this 

and  inward  flow  of  the  shocked,  displaced  material  comprising  the  crater  loor  (6).  Atthough  this 
idealized  model  of  crater  formation  fits  most  well-preserved  planetary  impact  stru<;t^®sm ^ 
assumes  an  elastic  halfspace  beneath  the  target  surface  which  may  be  'n^PPr°prfialhe  1 f°r c9  ^ty 
largest  early  basin-forming  impacts.  For  these  very  lar0®imPacts  l^ffplh°'  nt|v  Can  interact 
may  excede  the  lithospheric  thickness  and.  at  least  on  Mars ■ Th(f p lire m^size  of  these  crater- 

with  underlying  viscous  mantle  regimes  during  basin  formation  (7)  The 

ing  events  also  challenges  some  of  the  assumptions  concerning  cavity  growth  P 

lated  from  smaller  structures  (8).  In  this  abstract,  we  propose  that' i',S frTThe  mantle  and^^ 
large  impacts  can  allow  emplacement  of  vertically  displaced  crustal  material 1 " 1 V?® evolution 
speculate  on  the  implications  such  "impact  subduction"  might  have  or  subsequent  ma^'® 

P Subducdon  Model:  Although  material  flow  fields  result  in  balhst.c  trajecto nes J°r  most  n 
surface  regions  of  the  transient  cavity,  a full  target  section  is  pres®  rve  d indent  he  c ks  al 

impact.  In  the  case  of  an  elastic  half  space,  compression  of this  S®®1,'°" it^nf‘  ross  K 
Greater  depth  enhances  lateral  flow,  disrupting  the  column  and  spreading  It  across  tne  case  o ne 
E.  S II  viscous  flow  ocours  beneath  the  impact  however 

rrpao!  SfSLP  Trom  the  lithospheric section  to  the  mantle  and  results 

shocked  crustal  material  into  rocks  of  the  upper  mantle  or  asthenosphere.  Although  'at®r  d^at™ 
rebound  might  limit  the  depths  such  material  could  reach,  rebound  uplif  s the  r®9'°n  ^ 
crater  as  a whole  (not  the  displaced  elements  of  the  transient  cavity  alone)  and  the  sub  impact 

crustal  section  initially  should  stay  in  the  mantle.  jlti  {nr  tup  pmniace- 

Viscous  deformation  of  the  mantle  during  impact  is  thus  a ne^esa^nc°2d15 
ment  of  crustal  sections  at  depth.  The  probability  of  such  deformation  can  be  evaluated^  c p 
ing  the  duration  of  the  impact  event  to  the  Maxwell  time  (Tm)  of  the  mantle:  Tm-  T/2jx  e w ere  T is 

applied  shear  stress,  pi  is  shear  modulus  (-  106MPa)  and I e is  stra*nJ’a*®  Jal^asUc^train  (9) '^conse- 
time  is  defined  as  the  time  required  for  viscous  creep  under  stress;  to > equai  elastic  stIa"?j  * ^ £|n- 

quently,  viscous  behavior  occurs  when  deformation  times  are  greater  than  T». ■ Def ormation  is  essen 
Sally  elastic  for  timescales  less  than  T„  (9) . If  an  impact  generates  shear  ^ 

(103  MPa),  strain  rates  in  an  olivine  mantle  range  from  10"2  to  10  /s  for  mantle  temp 

800-1 000°C  (10).  These  values  translate  to  Maxwell  times  on  the  order  of  1 100  sec  • . 

mantle  flow  requires  that  the  duration  of  impact  exceed  T-.  orty 

impactors  (which  have  impactor  penetration  times  of  several  tens  of  seconds  (8) ) are  y 

such  a viscous  mantle  response.  t , ild  imn^pt  annle  and  the 

The  extent  of  viscous  deformation  beneath  an  impact  depends  on  the  ,®  nhlv  »he 

duration  of  the  impact  relative  to  T».  If  we  define  d as  the  depth L°f fmna^s  /can  be  ap 
penetration  depth  of  the  projectile  into  the  target),  for  near-vertical  \ '™Pa®ts ' , is  then 

proximated  by  the  projectile  diameter  (DP)  but  d decreases  s.griit'oantly  £ is  the ' 'JPJ®1  wgle  k then 
reduced  to  5°  (11).  While  rare,  near-vertical  impacts  are  not  improbable and  are * the  most  Hkey 
emplace  material  at  depth  in  the  mantle.  For  a near-vertical  impact  with  a ^ahon  equano  T., 

therefore,  we  expect  viscous  mantle  deformation  comparable  to  size  o ^ the  P down- 

tending to  depths  of  -DP  beneath  the  base  of  the  transient  cavity.  Since  the  thwkness  of  l the i aown 
driven  core  is  of  the  same  scale  as  the  mantle  deformation,  the  crustal  se ction  rebound  If  the 

of  the  transient  cavity  and  is  likely  to  be  embedded  in  the  basin  ('°°^a*l®r.  , . ■ nenetrate 

duration  of  the  impact  is  significantly  greater  than  Tm,  however,  ,f  this  disolaced  crustal 

the  mantle  to  depths  of  several  DP.  We  propose  that  mantle  flow  will  engulf  this  cmstal 

section  outright  with  depths  of  crustal  bunal  in  the  range  °f  " lH°  Dmjecti|e  200  km  in 

material  in  the  mantle  is  reminiscent  of  terrestrial  plate  subduction  and,  or  a P ) 
diameter,  such  "subduction”  could  bury  crust  to  depths  of  between  100  and  40C > km.  extent 

The  requirement  of  large,  low-velocity  impacts  for  this  subduction  mechanism  limits  the  extent 

of  this  process  in  planetary  history.  First,  impacts  of  sufficient  size  are  r.®s*rif:.t  constraint  on 

basin-forming  impacts  before  -3.7  Ga.  The  low  impact  velocity,  .ho^®Y®^  . tj  9 nermit  impacts 

the  occurrence  of  impact  subduction,  since  only  a few  planetary  'r'P®® ,°.r  P°P,^  M rs  Pwhere  impact 
at  5-6  km/s.  The  planet  most  likely  to  have  experienced  such  collisions  is ^ Mars  ^er®  'JJP 

velocities  range  down  to  -5  km/s  for  co-orbiting,  heliocentric  objects  H2)  i cubduction  bv  this 
of  these  basins  with  a time  of  predicted  high  mantle  temperatures^  1 3 ) also  favors  bymis 

mechanism  On  the  Earth  and  Venus,  impact  velocities  range  from  15  40  km/s  ana  ; 

respectively  (8,14)  and  impact  subduction  is  much  less  likely.  Although  v'scous  def ormation  ben 
the  impact  is  still  possible  at  velocities  of  15  km/s  (for  mantle  temperatures  on  the  order  of 
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1300-1400°),  the  increased  extent  of  of  vaporization  and  melting  beneath  the  impact  may  preclude 
preservation  of  a lithospheric  section  in  the  mantle  during  cavity  collapse.  Some  contamination  of  the 
mantle  by  projectile  or  crustal  components  might  still  be  expected,  however.  On  Mercury,  the 
predicted  impact  velocities  for  comets  and  earth-crossing  asteroids  (-34-44  km/s  (8))  probably 
preclude  impact  subduction.  Nevertheless,  impactors  from  the  postulated  population  of  Vulcan  as- 
teroids (15)  should  have  had  much  lower  velocities,  so  impact  subduction  is  also  possible  for  Mer- 
cury. The  probability  of  subduction  on  the  Moon  (impact  velocities  down  to  -6  km/s  (12)).  depends 
more  strongly  on  the  state  of  the  lunar  interior.  Thinner  lithospheres  associated  with  a magma  ocean 
might  permit  early  subduction  events,  but  the  growth  of  the  lithosphere  over  time  would  inhibit  mantle 
flow  and  prevent  later  subduction. 

Implications:  Unlike  the  more  continuous  subduction  of  oceanic  plates  observed  on  Earth, 
impact  subduction  is  randomly  located  and  episodic  on  a global  scale.  Hence  only  random  and  iso- 
lated regions  of  a planetary  mantle  can  be  modified  by  this  process.  Long-term  effects  of  oceanic 
subduction  such  as  repeated  passage  of  melts  into  island  arcs  or  convection  beneath  back  arc  basins 
are  thus  unlikely  to  occur  for  impact  subduction.  in  further  contrast,  mantle  cooling  associated  with 
subduction  of  cold  lithospheric  plates  should  not  occur  with  impact  subduction  due  to  both  shock 
heating  and  shear  deformation  in  the  subducted  section.  To  first  order,  this  section  is  presumed  to  be 
in  thermal  equilibrium  with  normal  mantle  temperatures  at  the  time  of  emplacement.  Although  such  a 
view  is  over  simplistic,  the  mantle  evolution  sequence  presented  below  can  be  regarded  as  indicative 
of  the  relative  time  scales  required  to  achieve  various  mantle  states. 

Impact  subduction  can  potentially  influence  mantle  evolution  in  two  ways,  injection  of  crustal 
radiogenic  elements  into  the  mantle  could  affect  the  long-term  thermal  history,  whereas  the  introduc- 
tion of  crustal  volatiles  could  affect  the  melting  sequence.  In  the  first  case,  a crustal  block  would 
begin  to  melt  in  -4-6  Ma  for  subduction  to  10  kb  pressure  with  an  initial  post-impact  temperature  of 
1000°C.  Total  equilibrium  melting  then  would  occur  in  9-11  Ma.  Significant  mantle  melting  is  unlikely 
to  result  in  this  time,  since  -16  Ma  are  needed  to  achieve  Iherzolite  melting  temperatures  outside  a 
subducted  crustal  block.  The  melting  of  embedded  crustal  material,  however,  will  influence  the  long 
term  thermal  evolution  of  the  surrounding  mantle.  Since  a fraction  of  melt  is  trapped  along  grain 
boundaries  during  porous  flow,  we  can  approximate  the  mantle  composition  after  crustal  melting  by 
mixing  a disseminated  crustal  component  into  the  mantle.  For  mantle-crust  ratios  of  100:1,  such 
mixing  can  double  the  abundance  of  heat  producing  elements  in  the  mantle  and  these  added  heat 
sources  eventually  can  induce  mantle  partial  melts  some  100-500  Ma  after  the  subduction  event. 

The  subduction  of  volatile  concentrations  could  produce  mantle  melts  on  much  shorter  time 
scales.  Although  water  is  unlikely  to  be  a major  constituent  of  the  crustal  section  as  a whole,  water  or 
ice  may  be  concentrated  in  near  surface  regions.  For  a volatile-rich  regolith  500  m thick  with  25% 
porosity,  subduction  under  a 100-km  radius  projectile  can  subduct  over  1000  km3  of  water.  If  the 
projectile  caps  the  subducted  section  and  drives  It  into  the  mantle,  this  volatile  phase  may  not  es- 
cape into  the  transient  cavity  and  will  be  trapped  instead  near  the  top  of  the  crustal  section.  Addition 
of  such  a vapor  phase  to  surrounding  mantle  compositions  significantly  reduces  the  solidus  tempera- 
tures and,  at  1000°C  and  10  kb,  can  initiate  immediate  mantle  melting.  If  carbonates  are  present  in 
the  martian  regolith,  the  associated  fluid-rich  and  volatile  phases  could  possibly  acheive  a kimberlitic 
character. 

Conclusions:  Large,  low  velocity  impacts  may  inject  significant  crustal  sections  into  a planetary 
mantle,  but  this  process  will  be  most  efficient  if  the  mantle  yields  viscously  around  impact-driven 
subsidence.  Such  behavior  is  most  likely  before  3.7  Ga  on  Mars,  but  also  may  have  occurred  on 
Mercury  or  the  early  Moon.  The  depth  of  subduction  is  dependent  on  the  relative  scale  of  impact  and 
mantle  flow  regimes,  but  can  achieve  depths  of  over  100-200  km  for  projectiles  over  100  km  in 
radius.  The  effects  of  such  subduction  on  mantle  evolution  are  unlike  those  observed  in  terrestrial 
subduction  zones  and  primarily  reflect  the  effects  of  subducted  volatile  and  radiogenic  isotope  con- 
centrations. Escape  of  vapor  into  the  mantle  should  produce  kimberlite-like  mantle  melts  soon  after 
impact.  Crustal  melts  develop  some  5-10  Ma  after  impact  and  enrich  higher  mantle  regions  in 
radiogenic  isotopes.  Finally,  isotopic  heating  of  this  enriched  mantle  may  lead  to  renewed  mantle 
melting  several  hundred  million  years  after  the  original  impact  event.  Such  a mantle  melt  sequence 
may  fit  the  general  sequence  of  highland  volcanism  observed  on  Mars  where  explosive,  patera  vol- 
canism  evidently  preceded  formation  of  most  of  the  basaltic  shields  and  ridged  plains  (16). 
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HYPOTHESES  FOR  THE  ORIGIN  OF  THE  MARTIAN  CRUSTAL  DICHOTOMY 
George  E.  McGill,  Department  of  Geology  and  Geography,  University  of 
Massachusetts,  Amherst,  MA,  and  Steven  W.  Squyres,  Center  for 
Radiophysics  and  Space  Research,  Cornell  University,  Ithaca.  NY 


The  martian  crustal  dichotomy  has  been  explained  by  three  general  types  of  hypotheses: 
endogenic,  single  impact,  and  multiple  impact.  Wise  et  al.  [1,2]  propose  that  the  contrast  in 
crustal  thickness  was  caused  by  local  subcrustal  erosion  over  a large,  first  order  mantle 
convection  cell  that  existed  prior  to  core  formation;  this  model  thus  implies  an  early  origin  for 
the  dichotomy.  McGill  and  Dimitriou  [3]  argue  that  the  geological  evidence  points  to  an 
endogenic  origin  after  the  end  of  primordial  bombardment.  Wilhelms  and  Squyres  [4]  propose 
that  the  crust  was  locally  thinned  and  the  lowland  created  by  a single  gigantic  impact  event, 
forming  the  Borealis  basin.  Finally,  Frey  and  Schultz  [5]  argue  that  the  crustal  dichotomy  and 
its  associated  lowland  can  be  explained  as  due  to  a small  number  of  large  (but  not  gigantic) 
overlapping  basin  impacts.  Both  impact  hypotheses  involve  processes  that  must  have  occurred 
before  the  end  of  primordial  bombardment,  and  thus  they  also  imply  an  early  origin  for  the 
dichotomy. 


Any  hypothesis  for  the  origin  of  the  martian  global  dichotomy  should  survive  three 
elementaiy  tests:  1.  How  weU  the  observed  plan  shape  and  apparent  depth  of  the  martian 

lowland  are  explained.  2.  Consistency  with  reasonable  physical  processes.  3.  Compatibility  with 
geological  and  geophysical  observations.  The  very  existence  of  three  contrasting  hypotheses, 
each  with  convinced  partisans,  emphasizes  the  complexity  and  incompleteness  of  the  data  needed 
to  determine  the  origin  of  the  martian  crustal  dichotomy. 

A single,  gigantic  impact  obviously  will  produce  a very  large,  deep,  roughly  circular 
depression.  However,  any  attempt  to  circumscribe  the  northern  lowland  with  a single  circle 
demonstrates  that  the  lowland  departs  rather  dramatically  from  a circular  shape  in  places  fe.g., 
5].  Many  of  these  deviations  are  easily  accounted  for  as  due  to  the  effects  of  later,  but  stili 
primordial,  basin  impacts  cutting  the  perimeter  of  the  circle.  Some  additional  deviations  from 
a circular  shape  may  be  due  to  later  erosion  modifying  parts  of  the  dichotomy  boundary. 
However,  deviations  from  circularity,  as  in  the  general  region  of  Chryse  and  Acidalia  planitiae 
where  even  a possible  Chryse  basin  does  not  fully  account  for  the  shape  of  the  lowland,  remain 
as  problems.  But  large  basins  are  not  necessarily  circular  when  formed,  as  exemplified  by  a 
number  of  well  documented  lunar  examples  [6],  Whether  a truly  gigantic  basin  such  as  Borealis 
should  be  more  or  less  circular  than  merely  large  basins  is  not  known.  Answering  this  question 
would  be  a useful  objective  for  a modeling  study. 

Currently  evolving  models  for  the  accretion  of  terrestrial  planets  [7]  clearly  support  the 
mgh  probability  of  one  or  more  truly  giant  impacts  occurring  late  in  the  accretionaiy  process 

rhere  is  thus  support  from  cosmology  for  the  physical  reasonableness  of  a Borealis  basin  despite 
its  unusually  large  size. 


The  geological  evidence  for  Borealis  consists  primarily  of  5 massifs  that  he  on  the  same 
small  circle  [4],  No  evidence  for  an  ejecta  blanket  has  been  described,  even  though  the  volume 
of  crust  that  must  be  displaced  to  produce  the  northern  lowland  is  on  the  order  of  109  km3  [3], 
and  analogy  with  ordinary  large  lunar  basins  suggests  that  most  of  this  ejected  crust  should  be 
found  in  an  annulus  around  the  lowland.  But  the  Borealis  impact  veiy  likely  occurred  almost 
immediately  after  the  4.55  Ga  origin  of  Mars,  and  thus  the  textural  criteria  for  an  ejecta  blanket 
would  likely  be  destroyed  by  younger  intense  bombardment.  Furthermore,  because  Borealis  is 
so  large  it  is  at  least  possible  that  its  ejecta  were  more  uniformly  distributed  around  the  globe, 
effectively  resurfacing  the  planet  with  a layer  of  average  thickness  about  7 km.  This  last 
hypotheses  is  m need  of  quantitative  modeling. 
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Unlike  for  Borealis  endogenic  hypotheses  imply  no  a priori  tendency  towards  a roughly 
drcul^X  shape  for  the  martian  northern  lowland.  On  the  contrary,  the  observed  plan i shape 
onnctraint  on  the  geometry  of  the  convection  cell  or  plume  causing  the  dichotomy. 
The  local  details  of  lowland  shape  are  again  easily  ascribed  to  the  few  known  large  basins  that 

™X  ona.e  No“o  early  Hesperian  age  1 3*9. 10).  Critirml  to  the  ~a«on  oMhese 

— - ss 

^^i^Mrnent^aidUng'or^fi^in^b^ause^^ther^m  origtnaTbasbl  nor  post-b^^ero^rTcrm 

of  this  a^^scade  stretching  and  internal  redistribution  of  lithospheric,  including  crustal, 

crustal  structure  on  Mars  certainly  is  physically  reasonable  Because  the  Ration _of  a 
constitutes  a singularity  in  Mars'  history,  it  is  tempting  to  explain  the  crustal  dichotomy,  a g 
,°“^S^  yaa  somehow  related  to  core  fbntoion. ™ *°JXn“s  *££1 

2M  oT TZLttZZ [9 “d^ e^tftt'm™, ^^geophysical 
expUn^onforthe  to  and  ^^“^the  lowland  by  multiple  impact  is  the  obvious 

correlarion^of  large  £££  of  the  dichotomy  boundary  with  the  inferred  rims  of  several  large 
f Kacinc  m nut  there  are  larse  parts  of  the  northern  lowland  extenor  to  the  runs  of  these 
btos.  If  the  martian  lowlands  were  formed  by  only  these  few  large  basins,  then  th*  "to  and 

^Tarirbtos°lhat  h“e  beelTfdentl^^  example,  most  oOlm  to  and  mner 

3 Scent^hem  much  younger  volcanics  and  polar  deposits  are  present,  this  repon  of 

■ssessssas 
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without  transporting  material  to  an  even  lower  lowland  somewhere  else  on  Mars  (or  assuming 
that  the  ejecta  blankets  simply  were  never  there)  the  entire  area  affected  by  basin  impact  cannot 
be  reduced  to  a level  below  that  of  the  pre -impact  surface. 

Thus  in  order  to  support  origin  of  the  northern  lowland  by  multiple  impact  it  is  necessary 
to  support  one  of  two  hypotheses:  1)  that  most  of  the  ejecta  from  the  known  basins  within  the 
northern  lowland  were  transported  completely  away  from  the  lowland;  or  2)  that  there  are 
additional  large  basins  within  the  northern  lowland  for  which  the  definitive  topographic  evidence 
has  been  obliterated.  Hypothesis  1)  is  implied  by  Frey  and  Schultz  [14]  who  represent  basins 
as  large  holes  without  ejecta  blankets.  A quantitative  model  explaining  why  the  ejecta  from 
martian  basins  would  be  completely  removed  from  the  vicinity  of  the  basin  rims  is  clearly  needed 
because  this  runs  counter  to  experience  on  the  moon.  Hypothesis  2)  requires  clustering  of 
impacts.  Clustering  implies  either  that  the  additional  basins  impacted  on  the  northern  third  of 
Mars  purely  by  chance  or  that  there  was  some  sort  of  cosmic  mechanism  that  focused  impacts 
onto  the  northern  third  of  Mars.  One  of  these  is  required  because  if  basins  are  to  contribute 
to  the  anomalous  lowness  of  northern  Mars,  there  cannot  be  equivalent  basin  formation  in  the 
southern  highlands.  If  there  were  equivalent  basin  formation  in  the  highlands  there  could  not 
be  significant  net  transport  of  material  out  of  the  northern  lowlands.  Neither  clustering 
hypothesis  is  defensible. 

The  evidence  supposedly  supporting  origin  by  multiple  impact  is  really  evidence  for  the 
existence  of  several  large  basins  within  the  northern  lowland.  The  presence  of  these  basins  can 
be  incorporated  easily  within  either  of  the  other  two  hypotheses;  that  is,  the  known  basins  within 
the  northern  lowland  are  responsible  for  many  of  the  topographic  and  geologic  details,  but  not 
for  the  lowland  itself.  Unlike  for  the  other  two  hypotheses,  gathering  new  geological  data  is  not 
likely  to  help  very  much  because  most  of  us  already  agree  that  basins  exist  within  the  lowland; 
models  to  explain  the  required  unexpected  behavior  of  basin  impacts  on  Mars  are  needed 
instead. 
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MODELLED  AND  MEASURED  STRAIN  IN  TWO  MASCON  BASINS  ON 
THE  MOON 

M.  Golombek,  Jet  Propulsion  Laboratory,  Caltech,  Pasadena,  CA  91 109 

The  close  association  of  wrinkle  ridges  and  grabens  with  mascon  basins 
on  the  Moon  has  suggested  that  the  responsible  compression  and  extension 
resulted  from  basin  subsidence  and  peripheral  flexing  of  the  lithosphere.  The 
distribution  of  grabens  and  wrinkle  ridges  associated  with  mascon  basins  has  been 
further  used  along  with  elastic  plate  bending  models  to  constrain  the  thickness  of 
the  lithosphere  at  the  time  of  their  formation  (Solomon  and  Head,  1979,  1980). 
Kinematic  models  for  basin  subsidence  have  also  been  developed  and  compared 
with  strains  inferred  from  grabens  and  wrinkle  ridges  (Bryan,  1973;  Golombek  and 
McGill,  1983).  Note  that  kinematic  models  may  be  preferable  to  dynamic  models 
because  the  strain  associated  with  tectonic  features  can  be  compared  directly  with 
model  predictions  and  because  fewer  assumptions  are  required  for  their 
calculation,  such  as  perfect  elasticity  and  specific  values  of  the  elastic  moduli.  In 
addition,  if  the  results  from  kinematic  models  compare  favorably  with  the  strain 
estimated  across  tectonic  features  on  the  Moon,  then  a global  strain  (or  stress) 
field,  proposed  by  a number  of  workers,  may  not  be  necessary.  In  this  preliminary 
abstract,  the  strain  inferred  for  wrinkle  ridges  and  grabens  has  been  compared  to 
that  calculated  from  a simple  kinematic  subsidence  model  for  two  mascon  basins 
on  the  Moon. 

The  kinematic  model  used  is  conservative  (described  as  model  1 in 
Golombek  and  McGill,  1983).  Briefly,  the  model  assumes  an  initial  basin  that  is  a 
couple  of  kilometers  deep  (2.5  km)  at  its  center,  tapering  towards  the  edges 
(approximated  by  a segment  of  a sphere  with  a larger  radius  of  curvature  than  the 
original  lunar  surface).  The  basin  center  is  assumed  to  subside  1-2  km  from 
loading  of  the  lithosphere,  which  is  50-100  km  thick  (Solomon  and  Head,  1980), 
with  all  points  moving  towards  the  center  of  the  Moon.  The  radial  strain  due  to 
shortening  of  the  arc  (membrane)  and  that  due  to  unbending  are  calculated  for  the 
interior  of  the  basin.  Hoop  strains  are  calculated  from  the  corresponding  decrease 
in  circumference  of  interior  small  circles  around  the  basin  center.  Radial 
extensional  bending  strains  at  the  edge  of  the  basin  are  calculated  from  the  flexure 
of  the  lithosphere  over  the  width  of  the  graben  zone  (typically  about  50  km)  due  to 
subsidence  of  the  basin.  To  first  order,  the  total  radial  compressional  strain  from 
the  center  of  a basin  to  its  edge  (one  half  of  a basin)  and  the  peripheral  radial 
extensional  bending  strain  are  the  quantities  most  easily  compared  with  the 
compression  across  concentric  wrinkle  ridges  within  the  basin  and  the  extension 
across  concentric  grabens  at  the  basin  margin. 

Determining  the  extension  across  grabens  on  the  Moon  is  straightforward. 
The  bounding  faults  dip  about  60°,  so  the  extension  on  each  fault  is  a simple 
function  of  the  depth  of  the  graben  floor  (see  Golombek,  1979  for  specific  method). 
Calculations  are  based  on  specific  measurements  already  made  (where 
topographic  data  exist)  or  by  an  estimate  based  on  the  apparent  depth  of  a graben 
(where  topographic  data  does  not  exist). 
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Determining  the  shortening  across  wrinkle  ridges  is  less  well  constrained. 
A number  of  different  methods  have  been  used  to  obtain  the  compressional  strain, 
and  most  methods  suggest  between  a fraction  of  a percent  to  a few  percent  (Bryan, 
1973;  Muehlberger,  1974;  Watters,  1988;  Golombek  et  al. , 1988).  For  this 
application,  the  method  of  Golombek  et  al.  (1988)  is  used,  which  is  based  on 
topographic  profiles  across  wrinkle  ridges,  the  presence  of  an  elevation  offset,  and 
assumptions  about  underlying  fault  structure  and  dip.  Because  many  basins  are 
not  covered  by  adequate  topographic  coverage,  a general  relationship  is  used 
between  wrinkle  ridge  width  and  shortening  based  on  a set  of  31  lunar  ridges  with 
detailed  topographic  data  (Golombek  and  Franklin,  1987)  and  shortening 
estimates  that  suggest  wider  ridges  have  more  shortening  than  smaller  ridges. 
This  relationship  equates  shortening  with  the  ridge  width  times  0.009  plus  57  m;  it 
is  derived  from  linear  regression  analysis  and  has  a correlation  coefficient  of  0.66. 
For  each  basin,  a number  of  30  km  wide  transects  were  drawn  from  the  center  of 
the  basin  to  its  edge.  Within  each  swath,  compression  across  the  widest  part  of 
each  ridge  that  is  crossed  and  extension  across  the  deepest  part  of  each  graben 
that  is  crossed  is  estimated  at  each  distance  from  the  center  of  the  basin  where  the 
structures  are  found.  Using  the  widest  parts  of  the  ridges  and  the  deepest 
segments  of  the  grabens  results  in  a maximum  estimate  of  strain  across  these 
structures.  Note  also  that  the  method  for  calculating  shortening  across  wrinkle 
ridges  assumes  a shallowly  dipping  thrust  fault  at  depth  (25°),  which  also  tends  to 
maximize  the  strain.  In  addition,  comparison  will  be  made  with  a model  lithosphere 
thickness  of  50  km,  which  minimizes  the  bending  strains  relative  to  a thicker 
lithosphere,  which  yield  proportionally  larger  bending  strains.  As  a result,  if 
minimized  model  strains  and  maximized  measured  strains  across  the  basins  are 
comparable,  the  need  for  global  stresses  may  be  eliminated. 

For  the  HutYiorum  basin  model  (200  km  radius),  results  indicate  total  radial 
shortening  across  a half  basin  is  300-600  m and  extension  of  the  edge  is  250-500 
m for  1-2  km  of  subsidence.  The  eastern  side  of  Humorum  has  3 to  5 ridges  that 
add  up  to  about  535  m of  shortening.  The  eastern  edge  of  the  basin  has  4 grabens 
(Hippalus)  that  add  up  to  about  470  m of  extension.  The  western  side  of  Humorum 
has  2 or  3 wrinkle  ridges  that  add  up  to  about  215  m of  shortening  and  the  margin 
has  about  3 grabens  (Palmieri,  De  Gasparis,  and  Mersenius)  that  add  up  to  about 
400  m of  extension.  These  estimates  of  strain  in  the  Humorum  basin  are  very 
similar  to  the  model  results. 

For  the  Serenitatis  basin  model  (325  km  radius),  results  indicate  total 
radial  shortening  across  a half  basin  is  270-540  m and  extension  along  the  edge  is 
180-370  m for  1-2  km  of  subsidence.  The  eastern  and  western  sides  of  Serenitatis 
each  have  2 to  3 wrinkle  ridges  that  add  up  to  about  570  m of  shortening.  The  best 
developed  grabens  around  Serenitatis  are  to  the  east;  about  4 grabens  (Littrow) 
add  up  to  about  330  m of  extension.  To  the  southwest  and  southeast,  smaller 
graben  zones  (Sulpicius  Gallus  and  Plinius)  are  found  to  each  add  up  to  about  200 
m of  extension.  These  estimates  of  strain  in  the  Serenitatis  basin  are  also  quite 
similar  to  the  model  results.  The  models  also  predicts  about  one  degree  of  tilting  at 
the  edge  of  the  basin  due  to  flexure  of  the  lithosphere,  a value  in  accord  with 


529 


interpretations  of  subsurface  reflectors  identified  in  Apollo  Lunar  Sounder 
Experiment  data  (Phillips  and  Maxwell,  1978;  Sharpton  and  Head,  1982). 

In  summary,  preliminary  results  of  a conservative  and  fairly  simple 
kinematic  model  of  basin  subsidence  (1-2  km)  indicates  modest  radial  shortening 
across  a 300  km  half  basin  of  between  300  and  600  m and  extension  of  200  to  500 
m along  the  basin  margin.  Comparisons  with  estimates  of  the  amount  of 
shortening  across  wrinkle  ridges  and  the  amount  of  extension  across  grabens  in 
the  Humorum  and  Serenitatis  basins  are  very  similar  to  subsidence  model 
predictions.  The  similarity  of  modelled  and  measured  strain,  at  least  for  these  two 
basins,  does  not  seem  to  require  superposition  of  global  strains  to  account  for  the 
strain  accommodated  by  the  wrinkle  ridges  and  grabens.  This  work  is  in  progress 
and  further  comparisons  between  basin  subsidence  model  results  and  strains 
across  grabens  and  wrinkle  ridges  will  be  undertaken  for  other  basins  on  the 
Moon. 
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CHAPTER  12 


GEOLOGIC  MAPPING,  CARTOGRAPHY,  AND  GEODESY 


SURFACE -MATERIAL  MAPS  OF  VIKING  LANDING  SITES  ON  MARS;  H.J. 
Moore,  U.S.  Geological  Survey,  Menlo  Park,  CA,  94025;  J.M. 
Keller,  Stanford  University,  Stanford,  CA,  94309. 

We  have  mapped  the  surface  materials  at  the  Viking  landing 
sites  because  a review  of  the  literature  reveals  that  such  maps 
have  not  been  made  and  better  information  on  the  types  of 
materials  and  their  abundances  should  lead  to  a better 
understanding  of  the  geology  and  remote-sensing  signatures  of 
the  sites.  The  maps  extend  to  9 m in  front  of  each  lander  and 
are  about  15  m wide  — an  area  comparable  to  the  area  of  a 
pixel  in  the  highest  resolution  Viking  Orbiter  images  of  the 
Lander  1 site.  Figure  1 shows  our  map  of  the  Lander  2 site. 

The  maps  are  divided  into  near  and  far  fields  (Fig.  1) . 

Data  for  the  near  fields  are  from:  1/10-scale  maps  [1], 
unpublished  maps,  and  lander  images.  Data  for  the  far  fields 
are  from:  1/20-scale  contour  maps  [2],  lander  camera  mosaics 
with  overlain  contours  [2],  and  lander  images.  Rocks  were 
located  on  these  maps  using  stereometric  measurements  and  the 
contour  maps.  Rocks  form  the  control  for  delineation  of  other 
surface  materials. 

Map  units  are:  (1)  fine,  (2)  soillike,  and  (3)  rock 

materials.  Coordinates,  length  (1),  width  (w) , and  height  (h) 
for  each  rock  are  recorded  in  a file  for  computational 
purposes.  For  many  rocks,  1 or  w was  estimated.  The  rocks  are 
assumed  to  be  ellipsoids.  Size- frequency  and  area-covered 
distributions  of  rocks  are  derived  from  the  file  according  to 
the  surrounding  map  unit,  field,  and  size.  All  rocks  mapped 
within  fine  material  and  all  rocks  >0.25  m in  the  near  and  far 
fields  are  included  in  the  distributions,  but  rocks  <0.25  m in 
the  far  fields  are  assumed  to  have  the  same  distribution  as 
rocks  <0.25  m in  the  near  fields.  Areas  covered  by  fine 
materials  and  rocks  and  soillike  materials  and  rocks  are 
measured  on  the  maps.  Areas  covered  by  fine  and  soillike 
materials  are  obtained  by  subtraction  of  the  area  covered  by 
rocks . 

The  forms  of  our  size-frequency  distributions  of  rocks  are 
similar  to  previous  ones  [1,3].  Frequencies  of  rocks  > 0.18  m 
are  larger  at  Lander  2 than  Lander  1,  but  the  reverse  is  true 
for  smaller  rocks.  Fractions  of  area  covered  by  the  larger 
rocks  in  logarithmic  size-bins  are  irregular  and  yield  no 
simple  relations  for  extrapolations  to  larger  sizes  of  rocks, 
but  the  areas  covered  by  small  rocks  diminish  rapidly  with 
decreasing  size.  Our  fractions  of  area  covered  by  centimeter- 
size  and  larger  objects  and  rocks  are  about  11.5%  at  Lander  1 
and  about  16%  at  Lander  2.  Outcrops  of  rock  cover  an 
additional  4.5%  of  the  area  at  the  Lander  1 site.  At  Lander  1, 
about  18%  of  the  surface  is  covered  by  thick  deposits  of  fines 
and  40%  by  both  thick  and  thin  fines.  At  Lander  2,  about  30% 
of  the  surface  is  covered  with  fine  material. 

Although  there  are  questions  about  the  physical  properties 
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of  the  materials  mapped  beyond  the  sample  fields,  we  assume 
that  the  fine  materials  are  loose  fine-grained  powders  with  a 
small  thermal  inertia  like  that  previously  assumed  for  drift 
material  [4].  If  this  assumption  is  correct,  our  results 
suggest  that  the  thermal  inertias  of  crusty  to  cloddy  and 
blocky  materials  [1]  may  be  larger  than  previously  estimated 
[4]  and  that  the  amounts  of  S03  plus  chlorine  in  the  soillike 
materials  [5]  are  directly  proportional  to  their  thermal 
inertias.  These  differences  do  not  substantially  alter  the 
previous  conclusions  of  Moore  and  Jakosky  [4]. 

Preliminary  analyses  of  our  data  suggest  that  polarized- 
and  depolarized-radar-echo  cross  sections  and  normal  radar 
reflectivities  for  the  Lander  1 site  should  be  about  the  same 
at  3.5-  and  12.5-cm  wavelengths.  For  Lander  2,  polarized-  and 
depolarized-echo  cross  sections  are  smaller  and  the  quasi- 
specular  cross  section  is  larger  at  3.5-cm  wavelength  than  at 

12.5- cm  wavelength.  These  relations  are  chiefly  related  to  the 
areal  distributions  of  rocks  and  the  model  used  to  calculate 
the  radar  cross  sections  [5,6].  For  Lander  2,  the  fraction  of 
area  covered  by  "wavelength-size"  rocks,  or  diffuse  scatterers, 
is  smaller  for  the  3.5— cm  wavelength  than  the  12.5— cm 
wavelength ; for  Lander  1,  these  areas  are  about  the  same  for 
both  wavelengths.  For  Lander  2,  the  fraction  of  area  of  large 
rocks  contributing  to  the  quasi-specular  echo  is  greater  at  the 

3.5- cm  wavelength  than  at  the  12.5-cm  wavelength;  for  Lander  1 
these  areas  are  about  the  same  at  both  wavelengths.  Finally, 
the  three  types  of  surface  materials  and  "wavelength-size" 
rocks  contribute  to  the  bulk  quasi-specular  radar  echoes  in 
complicated  ways. 
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Figure  1 (on  following  page) . Surface-material  map  at 
Viking  2 site.  Mapped  area  is  divided  into  a near  field  (A) 
and  a far  field  (B) . The  population  of  rocks  <0.25  m within 
the  soillike  areas  of  the  far  field  were  assumed  to  be  the  same 
as  those  in  the  near  field.  Fine  ridges  are  crests  of  ripple- 
like bedforms;  sinuous  trough  may  partly  outline  ice  polygon. 
Coordinates  are  in  meters  from  center  of  Lander  2 (0,0) . Note 
that  mapped  area  is  about  9 by  15  m.  (Map  prepared  by  John  M. 
Keller) . 
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GEOLOGIC  MAP  OF  THE  GALAXIAS  REGION  OF  MARS.  R.  A.  De  Hon,  Department  of 
Geosciences,  Northeast  Louisiana  University,  Monroe  LA,  7U09,  and  P.  M. 
Mouginis-Mark,  Planetary  Geoscience^  Division,  Hawaii  Institute  of  Geophysics, 
University  of  Hawaii?  Honolulu  HA 

Introduction:  The  Galaxias  region  (MTM  35217,  is  one  o,  a series  <>< Jj5<l0,000-5ca^ 
science  study  areas  on  Mars  sponsored  by  NASA  Planetary  Programs.  This  map  is  part 
ot  a™  east-west  strip  which  includes  Hecates  Tholis  and  a mixture  ot  volcanic  and 
npnvplcanic  terrains  near  the  northern  limit  of  the  Elysium .lava  flows  Resolution  on 
the  images  used  in  the  Viking  photomosaic  base  ranges  from  160  to  40  meter  per  pi  » 
and  the*  solar  illumination  angle  is  not  constant.  Thus,  visible  surface  detail 

COnESomebot'the  map  units  (Fig.  1)  correspond  or  are  partially  ^.‘."t  to  units  o* 
Elston  (1),  Scott  and  Carr  (2),  Greeley  and  Guest  <3>,  and  Tanaka  et  al.  (4).  Establis 
terminology  is  followed  where  feasible,  bu,  the  scale  of  this  -P  -O-res  that  some 
new  units  be  introduced  and  that  some  previous  terminology  be  redefined.  ... 

r.enionir  Setting  and  Physiography:  The  Galax  ias  region  is 

assess 

materials  other  than  craters  are  Amazonian  in  age.  TOe  (Unit 

are^superposed  £ X “memhe, i of  The  -ysium 

mmmrnMrnm 

“£r s:  Most  impact  craters  within  the  region , are  small,  freed 

(Unit  Ac).  Amazonian  craters  have  *rp".  crests^and^  ^ ^ 
blankets.  Some  e^cta  blankets  extend  grater  **  which  are  partiany  buried  by 

Secondary  crater  fields  are  scarce.  c+ratioraohic  bases.  These 

Amazonian  plains-forming  materials,  ul^oerian  crater  material  (Unit  AHc). 
craters  are  designated  as  Amazonian  and  Hesperia 
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Structure:  The  dominant  structural  trend  is  parallel  to  the  regional  slope.  Fissures, 
graben,  and  faults  trend  dominantly  northwest  with  a lesser  orthogonal  trend. 
Galaxias  Fossae  consists  of  a system  of  parallel  and  alined  fissures  trending 
northwest  in  the  southern  part  of  the  map  region  and  a 300  km  long  fissure  trending 
west-northwest  in  the  northern  part  of  the  region.  The  northwest  trend  is  accentuated 
by  parallel  alinement  of  other  linears  such  as  the  long  axis  of  the  rugged  ridge 
material,  other  ridges,  valleys,  and  flow  lobes. 

Some  features  present  in  the  region  are  of  undetermined  origins.  Small  (1  to  3 km 
basal  diameter)  oval  to  elongate  hillocks  with  apical  fissures  are  common  in  the 
northeastern  portion  of  the  region.  They  may  be  pingos.  Small  ridges  (less  than  a 
kilometer  in  width)  of  questionable  origin  occur  along  the  edge  of  the  smooth  plains 
material  near  its  contact  with  polygonal  plains  materials  in  the  eastern  portion  of  the 

area.  . „ . , 

Channels  and  Hvdrolooic  History:  Hrad  Vallis  and  an  unnamed  flood  plain  are 

prominent  drainage  courses  within  the  map.  Both  drainages  trend  parallel  to  the 
regional  slope  and  parallel  to  the  dominant  structural  trend  of  fissures,  faults,  and 
lineaments.  In  addition,  parts  of  Galax ias  Fossae  may  have  carried  flowing  water. 

Hrad  Vallis  heads  in  a fissure-like  depression  that  is  locally  associated  with 
collapsed  terrain.  The  channel  is  a well-defined,  incised,  sinuous  channel  flanked  by  a 
broad,  paired  terrace  along  most  of  its  course.  Slumping  along  the  walls  of  the  valley 
has  left  small  islands  of  terrace  material  within  the  channel.  Cut-off  loops  attest  to 
an  earlier  period  of  channeling  before  the  present  channel  was  fully  established. 

East  of  the  Hrad  Vallis  a flat-floored,  broad,  irregular  depression  reaches  from  the 
southeast  portion  of  the  quadrangle  to  beyond  the  central  northern  border.  The 
depression  has  a smooth  floor  with  some  minor  scour  and  channeling  that  indicates  that 
this  depression  carried  water.  The  primary  source  of  water  is  a 10  km  diameter 
depression  at  the  northern  limit  of  the  Elysium  flows,  but  water  may  have  been 
released  all  along  the  egde  of  the  polygonally  grooved  terrain.  A delta  and  levee 
complex  leads  from  the  source  basin  into  the  drainage  course  (5).  Locally,  the  waters 
embayed  isolated  blocks  of  the  grooved  terrain. 

Geologic  History:  In  this  region,  the  interplay  of  volcanism,  near  surface  volatiles, 

and  surface  runoff  xs  evident.  Major  units  were  emplaced  as  lava  flows  associated 
with  Elysium  volcanism  and  clastic  deposition  as  either  sediment  or  volcaniclastic 
processes.  Surface  modification  by  fluvial  processes  and  possibly  by 
karst/thermokarst  action  has  been  responsible  for  the  development  of  moderately 
rugged  topography. 
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FIGURE  i.  Geologic  sketch  map  of  the 
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Geologic  Map  of  the  Hebes  Chasma  Quadrangle,  VM  500K  00077 
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Introduction.  This  map  uses  a base  map  constructed  from  medium  and  high_resol uti on  Viking  images^ 
The  feature  of  primary  interest  is  Hebes  Chasma,  which  at  about  100  km  wide.  300  km  long,  and  up  to  6 km 
deep,  is  the  largest  of  the  closed  depressions  on  Mars.  Hebes  Chasma  is  part  of  the  Valles  ^ar  , 
complex  of  canyons.  The  small  depressions  in  the  complex  are  appear  as  simple  sink  holes  or  chains  of 
scallop-sided  depressions,  while  the  large  canyons  are  straight  sided  and  appear  largely  tect°nl°  " 
originP  Hebes  occupies  a unique  position,  being  both  intermediate  in  size  and  morphology  between  the small 
circular  depressions  and  the  large  straight  canyons.  Thus  Hebes  was  chosen  for  study  as  an  important 

structure  in  constructing  a model  for  canyon  formation.  , . ■ . th  t 

Physiographic  Setting.  The  quadrangle  includes  a portion  of  the  crest  of  a topographic  ridge  that 
extends  east  from  the  Tharsis  Montes  and  part  of  the  ridged  plains  of  lunae  Planum  which  co3' ses  \he 
slope  of  the  ridge.  The  slope  is  part  of  the  large  depression  associated  with  the  Chryse  impact  ba  m 
Hebes  Chasma  is  incised  into  the  high  plains  and  is  aligned  east-west  along  the  main  trend  of  t 

Mariner! s.  The  "head"  of  Echus  Chasma  is  also  in  the  quadrangle.  Its  alignment  is  north  south, 

perpendicular  to  the  main  trends  of  the  canyons,  and  joins  into  Kasei  Valles  to  the  north. 

Stratigraphy.  Relative  ages  of  the  geologic  units  are  determined  from  crater  densUi es^ and 
superposition  relationships.  The  units  are  assigned  to  the  formal  stratigraphic  systems  (Noach  an, 
Hesperian,  and  Amazonian)  formulated  by  (1).  Many  of  the  more  specific  units  are  adop  in  the 

Noachian  age  units  comprise  the  oldest  materials  visible  on  the  surface  of  Mars  Noachian  units  in 
quadrangle  include  an  nunutak  of  rugged  cratered  terrain  in  the  NE  and  the  rocks  of  the  lower  walls  of  the 
chasmata  The  wall  rocks  occur  with  two  characteri sti c surface  morphologies:  smooth  arcuate  scarps 

6 km  high  with  slope  angles  of  35°-45\  and  rugged  "spur  and  gully  slopes  with  heights  and  ^ope  angles 
similar  to  the  arcuate  scarps.  The  latter  form  appears  to  be  eroded  examples  of  the  former.  The  stres  s 
in  the^ Lower portion  of  the  scarps  approach  half  a ki lobar,  far  too  high  a stress  to  be  supported  by 
sediments  cemented  by  interstitial  ice  (i.e.,  permafrost  materials,  see  ref.  3).  Only  competent  rock 

strong  enough  to  support  the  walls.  ■, 

The  wall  rocks  are  overlain  by  a layer  of  Hesperian  age  plains  materials  one  to  two  kilometers  thick 
(estimated  from  exposures  in  the  canyon  walls  and  the  widths  of  the  smaller  surface  grabens)  whose  top  layer 
comprises  Lunae  Planum.  About  half  of  the  plains  materials  in  the  quadrangle  are  designated  ridged, ' " 
the  rest  are  designated  fractured  plains  because  of  the  complex  network  of  grabens  that  break  the  surface. 
The  materials  are  interpreted  as  successive  volcanic  flood  eruptions  from  Tharsis  that  covered  almost  t e 
whole  region  A few  small  Hesperian  age  channels  dissect  the  plains  materials.  Two  small  exposures  of 
Hesperian  age  chaotic  materials  occur  on  the  floor  of  Hebes  Chasma.  The  characteristic  linear  dimension 
of  the  hillocks  are  1 - 2 km  in  the  southern  exposure  and  0.5  to  1 km  in  the  northern  exposure. 

The  chaotic  floor  materials  are  unconformabl e overlain  by  the  late  hesperian  layered  deposit  running 
along  the  axis  of  the  chasma.  The  layered  unit  is  a single  bedded  deposit  40  - 50  km  wide,  about  110  km 
long9  and  4 - 5 km  high.  The  top  of  the  deposit  almost  reaches  the  height  of  the  surrounding  plateau. 
The9uppermost  unit  of  the  deposit  has  a rounded  soft  texture  and  is  estimated  to  be  a few  hundred  meters 
thick.  It  appears  to  sit  unconformabl y on  top  of  a massive  bedded  unit  three  to  four  km  thick  that  erodes 
into  a characteristic  rilled  or  fluted  surface.  Individual  beds  in  the  layered  deposit  vary  in  albedo  and 
thickness,  from  the  limit  of  resolution  (tens  of  meters)  to  hundreds  of  meters.  The  morphology  of  the 
massive  unit  is  strongly  reminiscent  of  the  distinctive  rills  found  on  steep  slopes  in  typical  badlands 
terrains  on  the  Earth.  Terrestrial  badlands  develop  in  soft,  relatively  impermeable  rocks  exposed  to  rapid 
fluvial  erosion  (4).  The  climate  necessary  to  produce  badlands  morphology  is  arid  to  semi  and:  seasonal 
precipitation  interspersed  with  long  dry  periods  (4,5).  If  the  correlation  is  val  id,  the  * ?,® 

of  the  massive  unit  implies  the  presence  of  a semi-arid  climate  at  the  time  of  its  formation.  A potentially 
important  point  is  the  absence  of  another  typical  badlands  feature:  the  gullies  in  the  presumed  runoff  area 
on  the  chasma  floor.  If  the  rills  are  due  to  fluvial  erosion,  gullies  should  be  present.  Their  absence 
suggests  that  the  floor  materials,  specifically  the  chaotic  materials,  are  highly  permeable,  allowing  the 

runoff  to  be  released  through  the  subsurface.  . . 

A number  of  lobate  deposits  extend  away  from  the  base  of  the  massive  deposit.  The  units  seem  to 
connect  without  discontinuity  into  the  massive  deposit  and  lie  unconformabl y on  the  subjacent  oor 
deposits.  The  most  distinctive  of  the  lobate  deposits  extends  about  20  km  across  the  floor  of  Hebes  to 
the  chasma  wall.  It  is  about  5 km  wide,  several  hundred  meters  high,  and  has  surface  transverse  ripp  es 
spaced  about  one  km  apart  on  the  distal  half.  The  morphology  of  the  unit  suggests  emplacement  as  a mobile 
flow  The  origin  of  the  layered  and  lobate  materials  is  still  undecided:  the  deposits  may  be  sedimentary, 
specifically  lacustrine  (6),  in  which  case  the  lobate  deposits  are  probably  large  mud  flows  While  it  is 
true  that  the  badlands  rills  form  mostly  in  sedimentary  rocks  on  the  earth  and  thus  might  be  considered 
as  supporting  a sedimentary  origin,  similar  features  occur  on  the  steep  slopes  of  volcanic  table  mountains 
in  Iceland.  The  resemblance  between  the  Hebes  layered  deposit  and  some  Icelandic  table  mountains  like 
Sel landaf jal  1 is  uncanny,  even  to  wall  fluting,  variable  albedo  layering,  and  soft  cap  deposit  !w,^h  no 
obvious  volcanic  vent)  * These  parallels  suggest  a second  possible  origin  for  the  layered  deposits  as 
volcanic.  In  this  case  the  lobate  flows  would  be  interpreted  as  viscous  volcanic  flows  The  ripple  spacing 
suggests  viscosities  appropriate  for  acidic  materials.  If  so  this  would  be  nearly  the  only  example  of 
acfdic  volcani sm  (with  all  that  implies  for  internal  evolution)  on  Mars.  The  elevation  of  the  subjacent 
chaotic  terrains  on  either  side  of  the  layered  deposit  differ  by  about  one  kilometer,  and  a large  fault 
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(indicated  by  the  presence  of  collapse  features  to  the  east)  runs  right  down  the  center  of  Hebes  underneath 
the  layered  deposit.  Thus  the  deposit  has  formed  along  the  axis  of  a major  fault  with  differential  vertical 
motion,  an  appropriate  location  for  a volcanic  eruption. 

The  most  recent  materials  (amazonian)  in  the  quadrangle  are  represented  by  various  floor  and 
landslide  deposits.  Floor  deposits  in  Hebes  rough  materials,  which  are  probably  older  landslide,  smooth 
materials  which  appear  to  be  eolian  (or  possibly  pyroclastic),  and  fluted  materials  which  have  flutes 
parallel  to  the  nils  in  the  layered  materials.  The  spacing  and  detailed  structure  of  the  flutes  is  not 
the  same  as  the  rills,  and  the  fluted  materials  are  mostly  perched  on  the  chasma  wall  disconnected  from 
the  central  layered  deposit.  Thus  the  two  units  are  not  interpreted  to  be  erosional  remnants  of  a single 
unn.  It  so,  the  problem  is  to  account  for  the  similar  orientations,  which  may  be  related  to  preferred 
directions  of  eolian  erosion  or  to  an  underlying  tectonic  fabric.  No  explanation  is  wholly  satisfactory 
at  present.  The  smooth  nuterials  in  the  lowest  section  of  the  floor  of  Hebes  are  somewhat  unique,  appearing 
as  a fairly  thin  layer  of  soft  material  overlying  a somewhat  rougher  surface  below.  There  is  some  evidence 
of  incipient  runoff  channels  and  a surrounding  bench  of  rougher  material.  The  ensemble  is  reminiscent  of 
dried  terrestrial  lake  beds. 

...  Hebes  Structure  and  Canyon  Development.  Several  processes  that  have  operated  in  enlarging  Hebes  are 
! of  l i in  ’igur®  1 by  geologic/topographic  profiles  taken  from  various  locations  on  Hebes'  walls, 
l;  Block  slumps  are  found  in  at  least  two  places  along  the  north  wall,  the  blocks  being  identified  by 
surfaces  capped  with  plateau  material  and  by  repetition  of  the  layered  sequence  from  the  top  of  the  canyon 
wall  along  the  subsided  block  edge.  The  blocks  are  10  - 12  km  wide.  2)  Thick  debris  landslides  are  found 
in  several  locations,  the  thicknesses  estimated  from  the  heights  of  the  edges  of  the  deposits.  Replacing 
the  volume  of  the  landslides  onto  the  head  scarp  implies  widths  of  the  failed  wedges  of  4 - 6 km  3)  Lobate 
landslides  and  debris  aprons  originating  in  gullies  in  the  chasma  wall  are  found  in  a few  places;  they  are 
vo  umetrica  y small.  4)  Sappi ng/karsti c processes  have  also  widened  Hebes  somewhat,  but  these  also  are 
volumetrical ly  small.  Hebes  is  a closed  canyon,  thus  these  processes  only  laterally  enlarge  a canyon 

a ready  in  existence.  Karstic  collapse  can  remove  some  material  via  underground  water  systems,  however 
other  purely  karstic  depressions  in  the  Valles  Marineris  area  are  only  102  to  103  km3  in  volume,  while  Hebes 
is  10  km  in  volume.  Tectonic  subsidence  is  another  means  of  removing  material  (straight  down),  and  this 
seems  to  be  the  primary  mode  of  canyon  formation  for  the  larger  canyons  which  have  volumes  of  106  km3  or 
more  (3).  The  subsidence  blocks  show  that  this  process  has  operated  to  a certain  extent  in  Hebes  also 
There  is  additional  evidence  for  subsidence  in  Hebes.  The  two  blocks  of  chaos  material  are  at  different 
topographic  levels,  and  both  are  4 - 5 km  below  the  original  surface.  Comparable  chaos  areas  to  the  east 
generally  occur  at  levels  much  closer  to  the  original  plateau  surface.  Further,  the  floor  at  the  east 
end  of  the  canyon  is  lower  still  and  is  separated  from  the  rest  of  the  floor  by  a mantled  scarp  about  a 
kilometer  high.  These  observations  suggest  that  the  central  floor  of  Hebes  has  differentially  settled 
vertically  by  several  kilometers  in  3 to  4 discreet  blocks,  and  that  this  accounts  for  most  of  the  volume 
of  the  chasma.  This  is  consistent  with  the  model  suggested  by  (3)  that  true  karst  processes  produced  the 
depressions  in  the  100  to  1000  km  range  while  larger  features  are  primarily  due  to  tectonic  subsidence 
This  interpretation  is  shown  in  the  cross  sections  of  various  features  in  the  Valles  Marineris  area  in 
ngure  2:  pits  and  catenae  form  as  collapse  structures  over  caverns  formed  by  ground  water  along  major 
faults  through  soluble  rocks  whereas  the  major  canyons  form  initially  as  subsidence  structures  (like 
grabens)  that  are  subsequently  enlarged  somewhat  by  solution-driven  mass  wasting. 

rnntpa T+e  f+u°rk°f  Heb*k'  as  a wh°1(?  is  quite  rough  and  topographically  variable,  provides  striking 

contrast  with  the  smooth,  flat  floor  of  the  adjacent  section  of  Echus  Chasma  (which  is  character! stic  of 
most  of  the  floors  of  the  canyons  of  Valles  Marineris).  Echus’  floor  lies  about  2 km  in  elevation  above 
e floor  of  Hebes  and  its  surface  is  covered  by  albedo  patterns  reminiscent  of  fluvial  networks  in 
terrestrial  deserts  The  unique  nature  of  Hebes'  floor  is  interpreted  to  relate  to  its  condition  as  a 
closed  depression.  Echus  is  an  open  canyon  and  is  undoubtedly  the  headwater  source  for  the  floods  that 
swept  through  Kasei  Vallis,  thus  the  flat  floor  is  likely  the  result  of  the  flow  of  large  amounts  of  water 
out  of  subterranean  conduits  (likely  sources  are  the  sapping  canyons  in  the  SW  corner  of  Echus)  that  erased 
any  floor  irregularities.  Water  in  Hebes,  on  the  other  hand,  could  not  leave  the  canyon  in  a surface  flow 
but  had  to  seep  out  through  fissures  and  porous  material  under  the  canyon  floor,  thus  no  fluvial  erosion 
occurred. 
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THE  STRATIGRAPHY  OF  THE  MC5SE  SUBQUADRANGLE,  MARS:  EVIDENCE  FOR  DICHOTOMY 
BOUNDARY  FORMATION  IN  THE  UPPER  NOACHIAN/LOWER  HESPERIAN 
Andrew  M.  Dlmitriou,  University  of  Massachusetts,  Amherst,  MA  01003. 

The  Ismenius  Lacus  SE  (MC5SE)  subquadrangle  (292.5°W  - 315°W,  30°N  - 47.5°N)  contains  the 
trace  of  the  global  boundary  between  southern  heavily  cratered  upland  and  northern  sparsely  cratered 
lowland.  The  dichotomy  is  well  exposed  along  a series  of  NW  trending  scarps  that  approximate  1.4  km 
jn  mean  height  (1).  To  the  northwest  and  southeast  of  the  boundary  defined  by  the  scarps,  areas  of 
fretted  terrain  (2)  make  this  upland/lowland  boundary  difficult  to  locate.  Lucchitta  mapped  the  entire  MC5 
quadrangle  (3)  at  a scale  of  1:5M  using  Mariner  9 imagery.  This  area  was  also  covered  in  the  1 :15M 
scale  geologic  map  of  the  Martian  eastern  hemisphere  as  compiled  by  Greeley  and  Guest  (4).  This 
abstract  presents  the  results  of  a stratigraphic  and  tectonic  study  of  this  area  using  the  published  1 :2M 
photomosaic  and  the  highest  available  resolution  Viking  imagery.  A detailed  relative  age  sequence  of  the 
geologic  units  identified  has  been  drawn  up.  This  allows  the  fracturing  and  tectonic  history  of  this  area 
to  be  constrained  more  precisely  than  before.  The  cumulative  crater  plots  generated  were  compared  with 
the  Neukurn  and  Hiller  curve  (5)  and  stratigraphic  ages  assigned  with  reference  to  Tanaka  (6). 

Within  the  uplands,  a distinctive  population  of  "rimless"  craters  is  recognised  which  has  also  been 
noted  in  Amenthes  (7).  It  is  assumed  here  that  these  craters  represent  an  old  population  lying  at  a 
relatively  uniform  and  shallow  depth  beneath  the  present  plateau  surface  units.  When  relative  ages  are 
determined,  either  by  considering  the  plateau  surface  as  a whole  or  by  separating  populations  based  on 
the  observable  geologic  units,  counts  yield  a Lower  Noachian  age. 

^ num^er  °*  9eo*°9'c  un^s  can  t>e  identified  above  the  Lower  Noachian  surface  based  on 
differences  in  surface  morphology.  A smooth  plateau  unit  is  located  along  the  fretted  northern  boundary 
of  the  plateau  and  as  a capping  unit  on  the  outlying  mesas.  This  is  identified  as  volcanic  and/or  aeolian 
material  and  yields  a crater  age  of  Lower  Amazonian.  This  unit  truncates  a boundary  between  two  units 
tentatively  identified  as  volcanic. 

^ne  of  the  volcanic  units  occupies  the  central  portion  of  the  upland  in  this  subquad  and  is 
characterised  by  the  presence  of  low  relief  irregular  scarps.  It  is  identified  as  a ridged  plateau  unit.  Crater 
counts  yield  a spread  of  ages  as  derived  from  curve  splitting  (5)  ranging  from  Upper  Noachian  through 
Lower  Amazonian.  This  indicates  that  lava  may  have  continued  to  flood  this  surface  with  decreasing 
volumes  over  a long  period  of  time  competing  with  the  decreasing  impact  crater  flux.  This  unit  is  fractured 
and  truncated  along  its  eastern  margin  by  boundary  scarps  which  drop  into  lowland  materials.  The  second 
volcanic  unit  truncated  by  the  smooth  plateau  unit  is  material  characterised  by  a hummocky  surface  at 
km  scale  and  is  thus  identified  as  a hummocky  unit.  This  is  located  in  the  central  and  eastern  portion  of 
the  upland  where  its  eastern  margin  is  also  dissected  and  truncated  by  boundary  scarps.  Crater  counts 
yield  a range  of  ages  from  Upper  Noachian  through  Upper  Hesperian  for  this  unit. 

In  the  southern  region  of  the  subquad  a complexly  differentially  eroded  surface  is  identified  as 
an  etched  unit.  This  unit  consists  of  ridged  and  possibly  smooth  plateau  material  that  has  been 
differentially  eroded  leaving  irregular  and  circular  positive  relief  landforms.  Crater  ages  from  this 
unit  range  from  Lower  Hesperian  through  Lower  Amazonian,  but  the  relative  youth  indicated  is  almost 
certainly  due  to  removal  of  craters  by  the  complementary  processes  of  erosion  and  deposition.  The 
stratigraphic  age  of  the  materials  visible  is  older.  These  erosional  and  depositional  processes  have 
however  allowed  a fairly  clear  boundary  to  be  drawn  between  the  etched  and  ridged  units. 

Within  the  lowland  along  the  upland/lowland  boundary,  a unit  which  is  characterised  by  the 
presence  of  bright,  very  sparsely  cratered  material  is  identified.  This  material  includes  not  only  the  debris 
aprons  present  at  the  base  of  the  scarp  and  of  many  outlying  mountains,  but  also  the  bright  deposits 
mantling  the  floors  of  fractures  and  irregular  valleys  which  penetrate  into  the  uplands.  Crater  counts 
proved  impossible  on  this  unit  due  to  the  low  number  of  superposed  craters  present. 

North  and  west,  three  lowland  plains  units  are  identified:  a smooth  plains  unit,  a very  smooth 
plains  unit  and  an  etched  plains  unit.  Crater  counts  are  only  possible  on  the  first  two  units  and  yield  ages 
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that  range  between  Upper  Noachian  and  Middle  Amazonian.  Reworking  of  the  surface  materials  appears 
to  be  aT-y  young  process  as  many  ot the  fresh  appearing  craters  at  moderate  resolution  stow bnescale 
mantling  at  higher  resolution  as  noted  by  Williams  and  Zimbelman  (8).  The  possibility  also  exists  that  the 
Upper  Noachian  age  determined  within  the  plains  units  represents  an  old  population  superposed  on  a 
shallowly  buried  surface  unconformably  underlying  the  plains.  The  etched  plains  unit  is  not  ®xp°sed  over 
a large  enough  area  to  permit  crater  counting  and  is  characterised  by  the  presence  of  small  (<  10km  long 
axis)  cuspate  positive  relief  features  that  suggest  differential  erosion  of  plains  matenate.  The 
morphological  differences  between  the  first  two  units  is  based  on  the  apparent  relative  abundance  o 
small  mountains  that  are  scattered  through  the  lowland  plains.  These  mountains  are  taken  to  represent 
remnants  of  older  material.  Within  the  areas  where  these  mountains  abruptly  disappear,  the  ^smooth 
plains  unit  was  identified.  These  differences  are  inferred  to  represent  variations  in  sub-plains  basement 
elevation  within  the  very  smooth  plains  unit  the  remnant  mountains  are  more  deeply  buried 

A unit  that  consists  of  large  groups  of  mostly  rounded  mountains  scattered  in  a discontinuous  u 
wide  zone  roughly  paralleling  the  present  trace  of  the  upland/lowland  scarp  is  interpreted  to  be  remnants 
of  an  older  surface  that  has  been  partially  buried  and  embayed  by  the  unconformable  yo^ger  plains 
materials.  Crater  remnants  are  visible  in  the  eastern  portion  of  the  subquad  and  counts  over  these  areas 
yield  a population  that  fits  the  Neukum  and  Hiller  production  curve  (5)  very  wel II.  The  a9e  determined  is 
Lower  Noachian.  Therefore,  the  surface  that  lies  at  a shallow  depth  on  the  plateau  is  also  present  at 
shallow  depth  in  the  eastern  portion  of  the  lowlands,  an  elevation  difference  of  at  least  . m. 

In  order  to  account  for  this  observation,  this  area  is  proposed  to  have  exper'enced  crustal 
downwarping  in  the  southern  portion  of  the  subquad  as  the  topographic  map  by  Wu  (9) 'indicates^  In  he 
central  and  northern  parts  of  the  subquad  normal  faulting  occurred  which  accommodated  the  structural 
relief  by  downthrow  to  the  northeast.  This  model  must  also  take  into  consideration  the  timing  and  origin 
of  the  downdropping  event.  Judging  from  the  fractures  visible  which  cut  upland  surfaces,  thcse  fractures 
were  initiated  around  the  Upper  Noachian/Lower  Hesperian  boundary.  Recent  work  by  McGill  and 
Dimitriou  (10)  suggests  that  the  northern  lowlands  formed  around  this  time  as  a response  to  large  sea 
subcrustal  erosion  and  that  the  dichotomy  boundary  zone  shows  evidence  of  significant  fracturing  and 
resurfacing  in  different  regions  during  Upper  Noachian/Lower  Hesperian  time.  This  work  provides  support 
for  the  relatively  late  formation  of  the  global  dichotomy  boundary  in  this  area. 

(1)  Dimitriou,  A.M.,  Lunar  and  Planet  Sci.  Conf.  XXI  (abs),  291-292,  1990. 

(2)  Sharp,  R.P.,  J.  Geophvs.  Res.,  78,  4073-4083,  1973.  <fy-7o 

(3)  Lucchitta  B.K.,  Geol.  Map  Ismenius  Lacus  Quadrangle  of  Mars,  Map  1-1065,  1978. 

4)  Greeley,  R.  and  J.E.  Guest,  Geol.  Map  of  Eastern  Equatorial  Regions  of  Mars,  Map 

(5)  Neukum,  G.,  and  K.  Hiller,  J.  Geophvs.  Res.,  86,  3097-3121, 1981. 

(6)  Tanaka,  K I J.  Geophvs.  Res.,  91,  E139-E158,  1986.  ft47  1pRq 

7 Maxwell  T.A.  and  R.A.  Craddock,  Lunar  and  Planet  Sci.  Conf.  XX  (abs),  646-647,  1989. 

(8)  Williams,  S.H.  and  J.R.  Zimbelman,  Lunar  and  Planet  Sci.  Conf.  XXI  (abs),  1341-1342,  1990. 

(9)  Wu  S.,  Topographic  map  of  Mars.  Map  1-2030,  1989. 

(10)  McGill,  G.E.  and  A.M.  Dimitriou,  J.  Geophvs.  Res.,  in  press,  1990. 
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ARE  NOACHIAN-AGE  RIDGED  PLAINS  (Nplr)  ACTUALLY  EARLY 
HESPERIAN  IN  AGE?  H.  V.  Frey,  C.  E.  Doudnikoff  and  A.  M.  Mongeon,  Geodynamics 
Branch,  Goddard  Space  Flight  Center,  Greenbelt  MD  20771 

Ridged  Plains  of  Noachian  Age? 

The  prominant  ridged  plains  of  Lunae  Planum,  Coprates,  Hesperia  Planum  and  elsewhere 
are  generally  considered  to  have  erupted  in  the  Early  Hesperian  (1,2)  and  are  generally  taken  to 
define  the  base  of  that  stratigraphic  system  (3).  These  plains  are  widespread,  covering  over  4 x 
106  km2  in  western  Mars  alone  (1)  and  are  broad,  planar  surfaces  with  some  flow  lobes  and 
parallel,  linear  to  sinuous  ridges  similar  to  lunar  mare  ridges  with  a spacing  of  30  to  70  km.  The 
general  interpretation  is  that  the  ridged  plains  (unit  Hr)  are  due  to  relatively  rapid  eruptions  of 
low  viscosity  lavas  (1,2),  and  their  occurance  at  the  base  of  the  Hesperian  represents  a major 
volcanic  episode  in  martian  history  (3). 

In  some  areas  these  plains  are  gradational  with  another  ridged  plains  unit,  mapped  as 
Nplr.  The  ridges  of  these  apparently  Noachian-age  plains  are  generally  further  apart  with 
rougher,  more  heavily  cratered  inter-ridge  areas  (1,2).  Nplr  terrains  are  widely  distributed  in  both 
hemispheres  of  Mars  but  cover  much  less  area  than  the  more  common  Hr  unit.  The  type  area  in 
Memnonia  lies  southwest  of  Tharsis  in  heavily  cratered  terrain  ( Npl] , Npl2).  Other  major 
occurances  are  further  south  in  Sirenum,  between  the  Argyre  and  Hellas  Basins  in  Noachis,  in 
the  southern  portion  of  Cimmeria  Terra  and  in  the  northeastern  portion  of  Arabia  (1,2).  The 
Noachis  and  Cimmeria  outcrops  are  distributed  roughly  concentrically  about  the  Hellas  impact 
basin  at  approximately  1 and  2 basin  diameters,  respectively. 

The  stratigraphic  position  of  these  apparently  older  ridged  plains  is  Middle  Noachian;  in 
the  current  geologic  maps  the  unit  does  not  extend  into  the  Upper  Noachian  and  appears 
temporally  unrelated  to  the  more  common  Hesperian  ridged  plains  (Hr)  even  though  these  two 
units  are  sometimes  gradational.  The  assignment  of  stratigraphic  position  is  based  on 
superposition  relationships  and  total  crater  counts;  the  high  density  of  impact  craters  on  Nplr 
would  certainly  suggest  a Noachian  age. 

But  total  crater  counts  can  be  misleading:  if  multiple  resurfacing  or  other  crater 
depopulation  events  occur  and  successfully  compete  with  crater  production,  a given  terrain  may 
have  an  apparently  young  total  crater  age  even  though  very  old  surfaces  remain  partially  exposed 
in  the  form  of  very  large  craters.  Inefficient  resurfacing  events  allow  older  surfaces  to  show 
through  and  give  old  crater  retention  ages  based  on  total  crater  counts,  which  may  not  accurately 
reflect  the  age  of  the  major  terrain  unit.  In  this  paper  we  examine  whether  or  not  the  Nplr  units  in 
Memnonia  and  Argyre  truly  represent  ridged  plains  volcanism  of  Noachian  age  or  are  simply 
areas  of  younger  (Early  Hesperian  age)  volcanism  which  failed  to  bury  older  craters  and 
therefore  have  a greater  total  crater  age  than  really  applies  to  the  ridged  plains  portion  of  those 
terrains. 

Resurfacing  in  Memnonia  and  Argyre 

We  used  the  Neukum  and  Hiller  (4)  technique  to  determine  the  number  of  preserved 
crater  retention  surfaces  in  the  Memnonia  and  Argyre  regions  where  Scott  and  Tanaka  (1)  show 
Nplr  units  to  be  common.  The  Memnonia  outcrops  are  the  type  example  of  this  unit,  and  we 
subdivided  the  study  area  in  MC  16  into  two  broad  units:  cratered  terrain  Npl  (mostly  Nplj  and 
Npl2)  and  the  ridged  plains  Nplr.  Our  mapping  is  similar  to  but  not  identical  with  that  previously 
done  (1).  We  counted  craters  larger  than  3 km  in  diameter  and  plotted  cumulative  frequency 
curves  for  each  terrain  unit,  then  broke  these  curves  into  separate  branches  where  they  departed 
from  a standard  production  curve  (4,  5).  This  departure  is  interpreted  to  be  due  to  resurfacing, 
and  breaking  the  curves  into  separate  branches  allows  determination  of  the  crater  retention  age  of 
each  post-depopulation  "surface"  independent  of  previous  history  (the  survivors  are  subtracted 
and  remaining  craters  compared  independently  to  the  crater  production  curve).  Table  1 
summarizes  the  results  for  cratered  terrain  (Npl)  in  Memnonia  and  for  ridged  plains  (Nplr)  in 
both  Memnonia  and  Argyre,  and  compares  these  with  similar  results  obtained  by  us  for  Tempe 
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NOA CHIAN-AGE  RIDGED  PLAIN?  Frey,  H.  et  al. 


Terra  (6)  and  Lunae  Planum  (the  type  area  for  the  Lunae  Planum  Age  [LPA]  ridged  plains  [Hr] 

reSUrfatS(unae  Planum  no  craters  larger  *-59  ^ uni" 

Memnonia  and  Argyre  there  are  craters  as  larg^  * crater  counts  which  suggest  the  Nplr 

The  population  of  old,  large  craters  contributes  to  the  total  crater  counts  wmcn  lain/in 

unit  isof  Noachian  age.  We  find  the  cumulative  frequency  crater 

Argyre/Memnoma  can  be  broken  h“?,o?on(vn5  nnoi  a branch  with  N(l)  = [80,200/76,500], 
retention  ages  N(l):  an  oldest  branch  -[121  fl00/l hunger  bAnch  at  N(l)  = 

?67W62(»]la N«e‘ thS  theTrg^e  ige's  for  Nplr  « consistently  slightly  older.  These  ages 

for^botlf  Memnonia  and^rgyrcTOT^is^ge> is  nearly  T^^eve^th^gMhe 

affords)  with  the  oldest  branch  we  find  for  Lgn»  1 Planurm  NO)  - ■ PVTOK  even^houg  ^ 

craters  which  define  this  age  branch  <10  ?0  km  in  Arg^^o  ^ thickness  of  the 

Were0“gest8L,  for  these  two  areas 

the  ridged  plains  even  more  important  as  a stratigraphic  marker  in  martian  history. 


Table  1.  Resurfacing  Ages  for  Memnonia  and  Argyre 


AREA  UNIT 


CRATER  RETENTION  AGE  N(l) 


Memnonia 

Memnonia 

Argyre 


Npl  226,858 

Nplr  115,221 

Nplr  121,300 


75,980  27,866 

76,445  22,062 

80,200  28,100 


Lunae  Planum  Hr 

Tempe  Hr 


25,700 

22,100 


6,343 

6,223 

6,700 

10,100 

6,500 


Region  of  Mars,  USGS  Map  I-1802-B,  1987  (3)  Tanaka,  t L « LPS< : 17. MOR  91, 

Senreniukf  j^A^Jk  ^ Toka^ci^'proceed^LPSC  isih,  679-699,  ,988.  (6,  Frey, 

and  T.  D.  Grant,  submitted  to  JGR,  1989. 
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EXTENT  OF  BEDROCK  EXPOSURE  IN  THE  SINUS  MERIDIANI  REGION  OF  THE 

MARTIAN  HIGHLANDS 

James  R.  Zimbelman  and  Robert  A.  Craddock,  Center  for  Earth  and 
Planetary  Studies,  National  Air  and  Space  Museum,  Smithsonian 
Institution,  Washington,  D.C.  20560 

A major  objective  for  remote  sensing  studies  of  Mars  is  to 
provide  constraints  on  the  properties  and  composition  of  the 
bedrock  materials.  However,  the  active  aeolian  environment  and 
the  ubiquitous  presence  of  dust  on  Mars  make  the  realization  of 
this  objective  difficult  at  best,  and  impossible  at  worst.  Here 
present  estimates  of  the  amount  of  possible  bedrock  exposures 
visible  in  the  highest  resolution  Viking  imaging  data  for 
comparison  with  results  obtained  from  remote  sensing  studies  in 
and  around  the  Sinus  Meridiani  region. 

The  location  chosen  for  this  study  (15°N  to  15°S,  330°  to 
360  W)  includes  portions  of  the  classical  low  albedo  regions  of 
Meridiani  and  Sinus  Sabaeus  and  the  high  albedo  region  of 
Arabia  (Fig.  1) , and  is  entirely  within  the  cratered  highlands 
of  Mars.  This  region  has  been  included  in  several  spectral 
reflectance  studies  (1—5)  , as  well  as  in  global  studies  at 
thermal  infrared  (6-10)  and  radar  (11—13)  wavelengths.  The 
results  from  these  studies  have  important  implications  for  the 
aeolian  environment  on  Mars  (e.g. , 1,4-6,9,14)  but  the  degree  to 
which  the  data  can  be  directly  related  to  bedrock  that  underl ies 
the  aeolian  cover  is  the  subject  of  the  present  investigation. 

Most  studies  of  visual  reflectance  conclude  that  low  albedo 
regions  are  "less"  obscured  by  the  dust  that  dominates  the  high 
albedo  regions  (e.g.,  1-3).  However,  what  fraction  of  the 
martian  surface  (having  either  low  or  high  albedo)  has  a 
reasonable  likelihood  of  providing  information  about  the  rocks 
associated  with  the  terrains  present  on  various  geologic  units? 
Presley  and  Arvidson  (4)  used  visual  and  thermal  infrared  data  to 
infer  that  the  surf icial  units  exposed  in  western  Arabia  and 
Sinus  Meridiani  (including  a large  fraction  of  the  present  study 
area)  are  mixed  aeolian  deposits,  predominantly  decoupled  from 
the  underlying  bedrock.  Thus,  bedrock  exposures  should  be  small 
compared  to  the  scale  of  the  data  used  in  that  study  (hundreds  of 
meters  to  kilometers,  4) . Thermal  infrared  measurements  at 
multiple  wavelengths  indicate  that  from  5%  to  20%  of  the  martian 
surface  consists  of  material  much  more  competent  than  dust  or 
sand  (15) , with  the  low  albedo  regions  generally  having  more 
exposed  competent  materials  than  the  high  albedo  regions  (10). 

The  competent  materials  observed  by  this  technique  may  be  either 
rocks  (10,15)  or  indurated  sediments  (16). 

What  do  we  look  for  in  the  images  as  representing  possible 
exposures  of  bedrock?  Bedrock  is  defined  as  "the  solid  rock 
underlying  the  soil  and  other  unconsolidated  materials,  or 
appearing  at  the  surface  where  these  [unconsolidated  materials] 
are  absent"  (17).  Thus,  we  looked  for  locations  with  the  least 
likelihood  of  having  an  overlying  accumulation  of  unconsolidated 
materials.  The  images  examined  have  resolutions  of  from  8 to  36 
m/pixel,  so  we  were  unable  to  identify  features  smaller  than 
several  tens  of  meters  in  dimension,  so  it  is  possible  that  any 
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given  picture  element  can  include  a mixture  of  both  small  bedrock 
outcrops  and  aeolian  dust  or  sand.  However,  it  seems  likely  that 
steep  slopes  will  shed  most  unconsolidated  materials  downslope 
and  thus  provide  the  "cleanest”  surface  that  might  reasonably  be 
expected  to  include  bedrock.  This  assumption  means  that  our 
results  likely  represent  only  upper  limits. 

We  examined  over  400  high  resolution  Viking  images  within 
the  study  area,  estimating  the  percentage  of  the  area  of  each 
frame  that  was  a possible  exposure  of  the  underlying  bedrock. 
Interior  walls  of  impact  craters  (e.g..  Viking  image  748A12) 
provided  the  most  numerous  exposures  of  steep  slopes  of 
competent  material.  However,  even  the  best  images  had  smooth- 
textured  surfaces  covering  the  majority  of  crater  interiors  — 
areas  that  probably  include  some  talus  accumulations  but  which 
also  might  be  mantled  by  dust  — that  were  not  considered  to  be 
good  candidates  for  possible  bedrock  exposure.  Walls  of  channels 
and  other  cliffs  provided  additional  candidate  sites.  We  also 
noted  steep  slopes  on  materials  that  are  easily  eroded  and  appear 
to  be  superposed  on  the  surrounding  terrain  (e.g..  Viking  image 
708A25) . These  materials  appear  to  result  from  depositional 
events  within  the  region;  this  material  is  probably  more 
competent  than  the  aeolian  dust  but  it  is  unlikely  that  it  will 
be  related  to  the  local  bedrock.  The  entire  image  set  provided 
the  following  results:  42%  had  <1%  bedrock  exposure,  91%  had  <5% 
bedrock  exposure,  and  15%  bedrock  exposure  was  the  maximum  value 
(Fig.  2) . The  high  resolution  images  covered  about  10%  of  the 
total  study  area  but  we  believe  they  are  representative  of  the 
region  as  a whole.  We  found  no  significant  difference  in 
exposures  between  high  albedo  and  low  albedo  regions  (Fig.  1)  and 
no  apparent  correlation  between  bedrock  occurrence  and  the  units 
defined  by  spectral  reflectance  studies  (1-5),  although  competent 
depositional  layers  are  more  common  in  low  albedo  regions 
associated  with  high  thermal  inertias  (e.g.,  0°  to  8°  N,  350°  to 
360°  W) . These  results  will  be  compared  to  high  resolution 
thermal  infrared  data  to  assess  whether  the  competent 
depositional  layers  are  exposures  of  competent  'duricrust'  (16). 
REFERENCES:  1)  L. A . Soderblom  et  al.,  Icarus  34.  446-464,  1978. 

2)  T.B.  McCord  et  al . , J.  Geophvs,  Res.  87.  10129-10148,  1982. 

3)  R.E.  Arvidson  et  al.,  J.  Geophvs.  Res.  87.  10149-10157,  1982. 

4)  M.A.  Presley  and  R.E.  Arvidson,  Icarus  75.  499-517,  1988.  5) 

E.L.  Strickland,  LPS  XX.  1077-1078,  1989.  6)  H.H.  Kieffer  et  al., 

J.  Geophvs.  Res.  82.  4249-4291,  1977.  7)  J.R.  Zimbelman  and  H.H. 
Kieffer,  J.  Geophvs.  Res.  84.  8239-8251,  1979.  8)  F.D.  Palluconi 
and  H.H.  Kieffer,  Icarus  45.  415-426,  1981.  9)  J.R.  Zimbelman 
and  R.  Greeley,  J.  Geophvs.  Res.  87.  10181-10189,  1982.  10)  P.R. 

Christensen,  Icarus  68.  217-238,  1986.  11)  G.S.  Downs  et  al., 

Icarus  18.  8-21,  1973.  12)  G.S.  Downs  et  al.,  Icarus  26,  273- 

312,  1975.  13)  G.S.  Downs  et  al . , J.  Geophvs.  Res.  87,  9747- 

9754,  1982.  14)  P.R.  Christensen,  J.  Geophvs.  Res.  91,  3533- 

3545,  1986.  15)  P.R.  Christensen,  J.  Geophvs.  Res.  87,  9985- 

9998,  1982.  16)  B.M.  Jakosky  and  P.R.  Christensen,  J.  Geophvs. 

Res.  91.  3547-3560,  1986.  17)  Webster's  Third  New  Int. 

Dictionary . G.&C.  Merriam  Co.,  Springfield,  Mass.,  p.  196,  1971. 
[This  work  was  supported  by  NASA  grant  NAGW-1804]. 
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Figure  1 . Footprint  map 
of  high  resolution  images 
examined  in  this  study. 
Regional  albedo  features 
are  labeled  in  capital 
letters;  dotted  circles 
show  rim  crests  of  three 
named  impact  craters. 
Patterns  are  a general 
guide  to  the  spatial 
distribution  of  bedrock 
exposures . 
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Figure  2.  Distribution  of 
bedrock  exposures  for  the 
entire  study  area.  Bedrock 
exposure  is  expressed  as  the 
percentage  of  the  frame  area. 
Dotted  pattern  is  cumulative 
distribution;  lined  pattern 
is  for  competent  depositional 
layers  only  (see  text) . 
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PRELIMINARY  GEOLOGIC  MAP  OF  CENTRAL  MANGALA  VALLES,  MARS 
James  R.  Zimbelman,  Center  for  Earth  and  Planetary  Studies, 
National  Air  and  Space  Museum,  Smithsonian  Institution, 

Washington,  D.C.  20560. 

Geologic  mapping  of  the  southern  and  central  portions  of 
Mangala  Valles  at  a scale  of  1:500,000  has  been  carried  out  as 
part  of  the  Mars  Geologic  Mapping  program.  Three  adjacent 
geologic  maps  have  been  prepared  by  researchers  at  NASM  and  at 
Arizona  State  University  (1-3);  the  work  described  here 
corresponds  to  the  northernmost  of  the  three  maps  (MTM  sheet 
-10147).  Physiography  around  the  central  reaches  of  Mangala 
Valles  is  dominated  by  exposures  of  ancient  Noachian  material 
that  are  severely  disrupted  by  arcuate,  lobate  scarps  (Fig.  1) . 
The  scarps  are  interpreted  here  to  be  faults  within  the  oldest 
materials,  similar  to  those  observed  around  southern  Mangala 
Valles  (1-3).  The  scarps  in  MTM  -10147  lack  the  km-scale 
vertical  relief  of  scarps  to  the  south  (4,5)  but  they  are  still 
prominent  topographic  features,  cutting  across  large  craters  in 
the  Noachian  materials.  The  arcuate  planimetric  form  and  the 
lobate  shape  of  the  scarp  fronts  suggest  a compressional  origin. 
The  orientation  of  the  scarps  in  MTM  -10147  changes  from  a north- 
south  trend  prominent  to  the  south  (1-3)  to  a northeast-southwest 
trend  (Fig.  1) . Both  trends  may  reflect  the  influence  of  an 
ancient  impact  basin  in  Daedalia  Planum  (6) . Amazonian- 
Hesperian  materials  associated  with  Mangala  Valles  embay  the 
western  margin  of  the  Noachian  materials  (Fig.  1) . Hesperian 
intercrater  plains  north  of  the  Mangala  Valles  materials  are 
scoured  by  overland  flow  likely  associated  with  Mangala  Valles 
flood  events;  the  fluvial  scour  on  these  plains  extends  into  the 
map  to  the  north  (7) . Amazonian— Hesperian  plains  traceable  to 
the  Tharsis  region  embay  the  eastern  margin  of  the  Noachian 
materials  (Fig.  1) . Researchers  at  the  U.S.  Geological  Survey  in 
Flagstaff  (8)  are  working  on  maps  immediately  west  of  the  map 
described  here.  When  completed,  the  detailed  geologic  maps  on 
eight  adjacent  MTM  sheets  will  provide  a comprehensive  view  of 
the  intricate  history  of  the  Mangala  Valles  region  that  could  be 
of  great  value  for  planning  of  future  sample— related  missions. 
REFERENCES:  1)  R.  Greeley  and  R.A.  Craddock,  Geologic  map  of  the 
southern  Mangala  Valles  region  of  Mars  (MTM  —20147) , submitted  to 
U.S.  Geological  Survey.  2)  J.R.  Zimbelman,  R.A.  Craddock,  and  R. 
Greeley,  Geologic  map  of  the  south-central  Mangala  Valles  region 
of  Mars  (MTM  -15147)  , submitted  to  U.S.  Geological  Survey.  3) 

J.R.  Zimbelman,  Lunar  Planet.  Sci.  XX,  1239-1240,  1989.  4)  J.R. 
Zimbelman,  Trans.  AGU  69(16).  390,  1988.  5)  R.A.  Craddock,  J.R. 

Zimbelman,  and  R.  Greeley,  Lunar  Planet.  Sci.  XXI,  240-241, 

1990.  6)  R.A.  Craddock,  R.  Greeley,  and  P.R.  Christensen,  Lunar 

Plant.  Sci.  XIX.  213-214,  1988  (submitted  to  J.  Geophys.  Res.,). 

7)  M.G.  Chapman,  H.  Masursky,  and  A.R.  Dial,  Jr.,  Misc . — Invest.., 
Series  Mao  1-1962.  U.S.  Geological  Survey,  1989.  8)  K.L.  Tanaka 
and  M.G.  Chapman,  Geologic  maps  of  MTMs  -05152  and  -10152,  in 
preparation. 

[This  work  was  supported  by  NASA  grant  NAGW-1390] . 


549 


Fig.  1.  Simplified  geologic  map  of  MTM  -10147.  Scarps  are 
prominent  in  the  Noachian  and  Hesperian  materials,  in  places 
deflecting  younger  Amazonian-Hesperian  materials  from  Mangala 
Valles  (to  the  west)  and  the  Tharsis  region  (to  the  east) . 
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PRELIMINARY  GEOLOGIC  MAPPING  OF  MTM  QUADS  40292  AND  40297, 
NORTH  OF  THE  NILOSYRTIS  MENSAE,  MARS. 

Steven  H.  Williams,  Lunar  and  Planetary  Institute,  3303  NASA  Road 
1,  Houston,  TX  77058  and  James  R.  Zimbelman,  Center  for  Earth 
and  Planetary  Studies,  National  Air  and  Space  Museum,  Smithsonian 
Institution,  Washington,  DC  20560. 


Introduction.  Geologic  mapping  of  the  MTM  quads  40292  and  40297  (37.5-42.5°, 
290-300°;  1:500,000  scale)  is  underway  as  part  of  the  Mars  Geologic  Mapping 
program.  The  map  area  is  in  southwestern  Utopia  Planitia,  immediately  north  of 
the  Nilosyrtis  Mensae.  The  goals  of  the  geologic  mapping  are  to  identify  and 
correlate  the  major  geologic  units  and  features  in  order  to  determine  the  sequence 
and  scope  of  the  geologic  events  that  have  modified  the  lowland  side  of  the  global 
dichotomy  boundary  in  this  region. 

Background.  The  map  area  was  mapped  previously  in  three  separate  studies.  1 he 
first  were  the  maps  prepared  from  Mariner  9 images  that  were  based  on  surface 
morphology  (1,2).  The  map  area  was  also  included  in  a global  view  of  martian 
stratigraphy  (3,4).  The  study  area  was  mapped  in  (3)  as  having  three  units:  rolling 
plains  and  knobby  terrain,  both  of  Hesperian  age,  and  Amazonian-age  cratered 
plains.  In  (4),  the  Hesperian-age  units  are  grouped  together  as  undivided  material 
of  Noachian/Hesperian  age  and  the  plains  in  the  northern  part  of  the  map  area  are 
identified  as  Amazonian-age  smooth  and  etched  plains.  The  knobs  prevalent 
throughout  the  map  area  are  thought  (2)  to  be  due  to  the  differential  erosion  of 
either:  a)  pre-existing  topography  protruding  through  (hence,  older  than)  the 
Hesperian-age  plains,  b)  remnants  of  Noachian-age  plateau  material  common  south 
of  the  map  area,  or  c)  igneous  intrusions. 

Results.  Two  important  observations  have  arisen  from  this  study:  a)  almost  the 
entire  map  area  is  veneered  by  a fine-grained,  erodible  deposit  of  irregular  thickness 
and  late  Amazonian  age,  and  b)  the  unit  immediately  beneath  the  veneer  is  a late 
Hesperian-age  plains  unit,  probably  a flood  basalt,  that  is  younger  than  the  breakup 
of  the  Noachian-age  plateaus  to  the  south. 

The  veneer  unit  has  several  distinctive  features.  Most  important  is  its  young 
age;  there  is  not  a single  crater  larger  than  1 km  diameter  emplaced  on  top  of  the 
veneer.  Every  crater  that  size  and  larger  in  the  map  area  appears  to  have  been 
partially  filled  by  the  veneer.  Many  of  the  larger  craters  contain  fill  with  ridges 
arranged  in  a crude  circular  pattern  termed  "concentric  crater  fill"  by  others  (5,6,7). 
It  is  likely  that  the  ridges  are  the  eroded  edges  of  a multiply-layered,  airfall-type 
deposit  (7)  rather  than  compressional  features  caused  by  mass  wasting  of  crater  rim 
materials  (5,6).  An  excellent  example  of  crater  fill  that  cannot  have  been  derived 
from  the  rim  is  shown  in  Figure  1.  Another  important  observation  is  that  the 
mantling  veneer  was  probably  volatile-rich,  as  indicated  by  the  presence  of  a few 
broad,  flat-floored  channels  cut  into  its  surface  and  the  formation  of  lobate  debris 
aprons  around  some  of  the  knobs  (Figure  2).  Some  such  aprons  are  presumably 
caused  by  volatile-enhanced  mass  wasting  of  the  veneer  material  mantling  the  knobs 
(after  5,6).  The  veneer  is  obviously  much  more  readily  eroded  than  is  the  plains 
unit  beneath  it. 

The  volcanic  plains  unit  in  the  map  area  has  a N(2)  crater  age  ot  ~5UU  (late 
Upper  Hesperian)  and  a N(l)  crater  age  of  —1200  (middle  Lower  Amazonian); 
there  is  an  insufficient  number  of  5 km  diameter  craters  in  the  map  area  to  give  a 
meaningful  N(5)  age.  The  N(2)  age  is  considered  more  accurate  because  many  1 
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km  diameter  craters  are  buried  by  the  veneer  or  have  been  removed  by  erosion. 
The  plains  also  contain  several  clusters  of  secondary  craters  that  are  probably 
associated  with  the  Lyot  impact  (Lower  Amazonian;  8).  The  interpretation  of  the 
plains  as  (basaltic)  flood  volcanics  is  bolstered  by  the  presence  of  numerous  wrinkle 
ridges. 

The  knobs  found  throughout  the  area  are  probably  remnants  of  ancient 
terrain  that  protrude  (or  almost  protrude)  through  both  the  veneer  and  the  plains. 
While  some  knobs  have  lobate  debris  aprons,  others  appear  to  be  lapped  by  plains 
units  or  surrounded  by  ridges  that  may  be  either  the  distal  margins  of  eroded  aprons 
or  the  eroded  edges  of  mantling  units  (Figure  2).  The  distribution  of  the  knobs 
suggests  that  they  may  reflect  buried  ancient  cratered  terrain  (after  9);  presumably 
the  same  that  underlies  the  plateau  units  to  the  south  of  the  map  area.  The 
relationship  between  the  plateau  and  the  plains  is  a critical  piece  of  evidence  in 
constraining  the  crustal  dichotomy  dilemma.  Both  are  apparently  underlain  by 
heavily  cratered  terrain  and,  south  of  the  map  area,  it  appears  that  the  plains  butted 
up  against  and  embayed  the  eroding  plateau  margin,  which  has  erosionally  retreated 
further  south  since  the  emplacement  of  the  plains  (Figure  3).  Hence,  the  erosion  of 
the  plateau  margin  along  the  dichotomy  boundary  predates  the  plains. 

References.  1.  Lucchitta,  B.K.,  1978,  Geologic  map  of  the  Ismenius  quadrangle  of  Mars,  USGS  Map 
1-1065.  2.  Greeley,  R.,  1978,  Geologic  map  of  the  Casius  quadrangle  of  Mars,  USGS  Map  1-1038.  3. 
Scott,  D.H.  and  M.H  Carr,  1978,  Geologic  map  of  Mars,  USGS  Map  1-1083.  4.  Greeley,  R.  and  J.E. 
Guest,  1987,  Geologic  map  of  the  eastern  equatorial  region  of  Mars,  USGS  Map  I-1802-B.  5.  Squyrcs, 
S.W.,  1979,  The  distribution  of  lobate  debris  aprons  and  similar  flows  on  Mars,  Journal  of  Geophysical 
Research,  84,  8087-80%.  6.  Squyres,  S.W.,  1989,  Urey  Prize  lecture:  Water  on  Mars,  Icarus,  79,  229- 
288.  7.  Zimbelman,  J.R.,  S.M.  Clifford,  and  S.H.  Williams,  1989,  Concentric  crater  fill  on  Mars:  An 
acolian  alternative  to  ice-rich  mass  wasting,  Proceedings,  19th  Lunar  and  Planetary  Science  Conference, 
397-407.  8.  Tanaka,  K.L.,  1986,  The  stratigraphy  of  Mars,  Journal  of  Geophysical  Research,  91,  B13, 
E139-E158.  9.  McGill,  G.E.,  1986,  The  giant  polygons  of  Utopia,  northern  martian  plains,  Geophysical 
Research  Letters,  13,  705-708. 


Figure  1.  Some  crater  fill  is  obviously  related  to  the  Upper  Amazonian-age  veneer 
deposits.  In  this  example  (arrow),  there  is  no  ridge  structure  (insufficient  erosional 
sculpting),  the  fill  is  not  "concentric,"  and  it  is  too  voluminous  to  be  mass  wasted  rim 
debris.  This  is  a portion  of  Viking  frame  1 1B44. 
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Figure  2.  There  are  several  features  of  interest  that  surround  the  knobs  in  the  map 
area.  A)  Some  knobs  are  flanked  by  lobate  debris  aprons  (arrow)  that  are 
presumably  formed  by  mass  wasting  of  the  volatile-rich  knob  or,  more  likely,  veneer 
material.  Below  the  knob  is  a crater  with  concentric  fill.  This  is  a portion  of  Viking 
frame  234S74.  B)  Some  knobs  are  lapped  by  the  Hesperian-age  volcanic  plains 
(arrows).  This  is  a portion  of  Viking  frame  11B44.  C)  In  some  cases,  it  is  not 
possible  to  tell  whether  the  ridges  (arrow)  that  surround  the  knob  are  the  distal 
margins  of  eroded  lobate  debris  aprons  or  the  eroded  edges  of  veneer  materials  that 
once  draped  more  completely  over  the  knob.  This  is  a portion  of  Viking  frame 
234S78. 


Figure  3.  South  of  the  map  area,  it  appears  that  the  Hesperian-age  volcanic  plains 
were  emplaced  against  the  eroding  margin  of  Noachian-age  plateau  units  (arrows). 
Subsequently,  erosion  of  the  plateau  margin  southward  and  several  mantling 
episodes  occurred.  These  are  portions  of  Viking  frames  34A01-06. 


553 


MOTTLED  TERRAIN:  A CONTINUING  MARTIAN  ENIGMA. 

D.H.  Scott1  and  J.R.  Underwood2,  (1)  U.S.  Geological  Survey,  Flagstaff, 
Ariz.  and  (2)  Kansas  State  University,  Manhattan,  Kansas 

The  northern  lowlands  of  Mars  are  largely  covered  by  plains 
materials  that  overall  are  mottled  light  and  dark,  a characteristic  that 
is  apparent  on  both  Mariner  and  Viking  images.  The  mottled  terrain 
material  (1)  that  makes  up  most  of  the  northern  lowlands  is  probably  the 
most  ambiguous  material  on  all  Martian  images  (2).  Early  studies,  e.g., 
(3),  used  Mariner  9 images,  which  showed  a hummocky,  mottled  surface 
encircling  the  planet  between  about  lat  50°  and  70°  N.  The  Mariner 
pictures  were  degraded  in  this  zone  by  atmospheric  haze  and  high  sun 
angles,  which  blurred  them  and  produced  high  albedo  contrasts;  because 
significant  morphologic  variations  were  not  recognized,  the  entire 
region  was  mapped  as  mottled  plains  material,  a single  geologic  unit. 
Although  image  quality  was  poor,  the  mottling  of  the  plains  could  be 
seen  to  result  from  albedo  contrasts  between  numerous  bright  crater- 
ejecta  blankets  and  dark  intercrater  plains  material;  also  contributing 
to  this  effect  were  many  dark-crested  knobs,  some  having  long,  narrow, 
bright  windstreaks  or  summit  craters  with  bright  interiors.  The  mottled 
plains  were  variously  interpreted  to  consist  of  lava  flows  and  knobby 
remnants  of  the  highlands  to  the  south  (3),  eolian  and  volcanic 
materials  (4,5,6),  ancient  terrain  and  pedestal  craters  exhumed  by  wind 
erosion  (7),  eolian  material  cemented  by  permafrost  (8),  or  volatile- 
rich  deposits  (9). 

Debris  mantles,  suggested  by  (1)  to  have  been  derived  from  polar 
deposits,  are  distributed  more  or  less  symmetrically  around  the  poles, 
extending  as  far  as  30°  toward  the  equator.  These  authors  further 
suggested  that  the  northern  hemispheric  mantle  blankets  the  mottled 
plains  and  masks  small  (slO-km  diameter)  craters  on  both  young  and  old 
terrains. 

I have  described  several  geologic  problems  in  the  Martian  northern 
plains,  including  that  of  the  origin  of  the  mottled  material  (2);  I 
suggested  that  the  plains  "...  may  be  an  eroded  remnant  of  the  highlands 
that  have  survived  a tectonic  period  of  crustal  separation  caused  by 
drifting  or  downfaulting  followed  by  erosion. " 

The  presence  of  lobate  debris  aprons,  concentric  crater  fill,  and 
terrain-softening  poleward  of  lat  30°  N.  and  S.  suggested  to  (10)  that 
topography  in  these  regions  has  relaxed  through  quasi-viscous  flow  in 
ice-rich  surface  and  near-surface  materials.  Support  for  this  idea  was 
provided  by  theoretical  studies  (11),  which  showed  that  ground  ice 
should  be  present  on  Mars  at  middle  and  high  latitudes.  Dial  (12) 
thought  that  permafrost  and  highly  altered  volcanic  materials  form  the 
mottled  plains. 

Recent  global  geologic  mapping  of  Mars  (13,14,15),  using  high- 
resolution  and  high-quality  Viking  images,  has  subdivided  the  mottled 
terrain  as  originally  mapped  (3)  into  four  members  that  constitute  the 
Vastitas  Borealis  Formation  of  Late  Hesperian  age.  The  members 
intergrade  and  are  largely  distinguished  by  secondary  morphologic 
characteristics,  such  as  pronounced  albedo  contrasts,  whorled  patterns 
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of  ridges,  knobby  hills,  and  irregular  troughs  having  polygonal  outlines 
in  places.  Although  the  formation  has  been  postulated  to  consist  of 
lava  flows,  fluvial  deposits,  and  eolian  materials  within  a permafrost 
zone  (13),  its  surface  is  highly  degraded,  and  the  composition  and 
origin  of  its  component  members  remain  uncertain. 

Mapping  problems  still  exist  where  image  quality  and  resolution  are 
adequate  to  determine  textural  characteristics  of  individual  units  but 
do  not  reveal  the  nature  of  their  boundaries,  stratigraphic  relations, 
modes  of  formation,  and  processes  responsible  for  their  characteristic 
morphologies.  The  mottled  plains  material,  as  originally  mapped  and 
recently  subdivided  into  members  of  the  Vastitas  Borealis  Formation, 
continues  to  remain  the  most  enigmatic  geologic  material  in  the  northern 
hemisphere  of  Mars.  Clarification  of  the  origin  of  the  mottled  plains 
is  critical,  because  this  large,  low,  comparatively  flat  and 
unobstructed  region  may  well  provide  the  most  suitable  locations  for 
successful  landing  and  sample-return  missions  on  Mars. 
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THE  FIGURE  OF  PHOBOS 

T.  Duxbury 

Jet  Propulsion  Laboratory 

Analytic  expressions  were  derived  to  model  the  surface  topography  and  the  normal 
vector  to  the  surface  of  Phobos.  The  analytic  expressions  are  comprised  of  a spherical 
harmonic  expansion  for  the  global  figure  of  Phobos,  augmented  by  addition  terms 
for  the  large  crater  Stickney  and  other  craters.  Over  300  craters  were  measured  in 
more  than  100  Viking  Orbiter  images  to  produce  the  model.  In  general,  the  larger 
craters  were  measured  since  they  have  a significant  affect  on  topography.  The  derived 
topographic  model  has  a global  spatial  and  topographic  accuracy  ranging  from  about 
50m  in  areas  having  the  highest  resolution  and  convergence  coverage  up  to  500m  in 
the  poorest  areas. 

These  analytic  expressions,  together  with  camera  and  viewing  geometry  param- 
eters, are  used  to  simulate  the  Soviet  Phobos  Mission  images  of  Phobos  with  good 
success.  A Hapke- Irvine  scattering  law  is  used  to  study  the  surface  brightness  (albedo) 
of  Phobos  at  the  pixel  level.  The  Figure  shows  a real  image  on  the  left  and  the  sim- 
ulated image  on  the  right.  The  derived  volume  from  the  model  yields  a density  of 
1.90  ± 0.05g/cm  . The  model  predicts  a forced  rotational  libration  amplitude  of  about 
0.9  deg  as  compared  with  the  observed  value  of  about  0.8  deg,  supporting  Phobos 
having  a uniform  density  throughout  its  interior. 

The  Soviet  Phobos  mission  imaging  data  will  be  used  to  improve  the  figure  model 
accuracy  and  add  higher  frequency  details.  Also,  an  attempt  will  be  made  to  deter- 
mine  if  there  is  an  offset  between  the  center-of-mass  and  the  center-of-figure  to  give 
additional  information  on  the  Phobos  interior. 


ORIGINAL' 
black  and  white 


PAGE 

photograph 


556 


The  Shape  of  Deimos. 

P.  C.  Thomas,  Center  for  Radiophysics  and  Space  Research,  Cornell  University,  Ithaca,  NY 
14853 


Deimos  is  a very  irregularly  shaped  object  and  ellipsoidal  approximations  to  its  form 
have  restricted  mapping  and  quantitative  study  of  its  surface  and  structure.  An  approximate 
shape  has  been  generated  from  the  12  best  images  by  matching  limbs  and  by  stereogram- 
metric  measures.  Initial  references  are  the  control  points  measured  by  Duxbury  and  Callahan 
(1989).  The  shape  is  stored  as  a latitude-longitude  grid  of  radii  and  allows  direct  calculation 
of  volume,  moments  of  inertia,  surface  normals,  and  slopes  (including  tidal  effects  on  local 
g).  An  example  view  is  shown  in  Figure  1.  This  is  not  the  finally  smoothed  and  checked 
product,  but  local  errors  to  be  removed  are  of  200  m or  less. 

The  mean  radius  is  6.2  km,  essentially  identical  to  that  given  in  Duxbury  and 
Callahan  (1989).  A density  of  1 .9  gm/cm3  would  give  surface  gravity  that  varies  from  0.27 
to  0.34  cm/s2  over  the  surface.  Regional  slopes  are  commonly  over  15°  and  correlate  well 
with  the  directions  of  bright  streamers  thought  to  show  movement  of  surface  material 
downslope  (Thomas  and  Veverka,  1980). 

It  is  interesting  that  a shape  grossly  similar  to  the  laboriously  determined  one  in  Fig. 
1 can  be  obtained  by  starting  with  an  ellipsoid  of  7.5,  6.1,  and  6.4  km  (b  < c here),  and 
"applying"  two  impact  craters:  an  11.2  km  one,  2.7  km  deep,  near  the  south  pole,  and  a 12 
km,  1 km  deep  one  near  the  north  pole.  This  result  encourages  speculation  that  the  overall 
shape  might  have  been  the  result  of  the  very  large  southern  crater  and  an  antipodal  spallation. 
There  are  some  geological  reservations  to  this  story,  but  the  shape  data  will  allow  testing  of 
the  likely  dispersal  of  the  debris  on  the  surface. 

The  shape  data  need  fine  tuning  with  even  more  images,  and  will  allow  real 
photometric  measures  to  be  made  of  the  different  materials  on  the  surface  in  addition  to  the 
tracking  of  debris  movement  over  the  surface. 

Supported  by  NASA  grant  NAGW-1 1 1. 
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Figure  1.  View  of  the  approximate  shape  of  Deimos. 
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TOPOGRAPHIC  MEASUREMENTS  OF  MARTIAN  VOLCANOES  AND 
IMPACT  CRATERS 

Peter  J.  Mouginis-Mark,  Mark  S.  Robinson,  and  Joan  Hayashi-Smith,  Planetary 
Geosciences  Division,  School  of  Ocean,  Earth  Science  and  Technology,  University  of  Hawaii, 
Honolulu,  HI  96822 


INTRODUCTION: 

Quantitative  topographic  measurements  have  previously  been  used  to  classify  and 
interpret  martian  volcanic  (1-3)  and  impact  (4,  5)  craters.  In  most  cases,  these  measurements 
have  relied  on  analysis  of  hard-copy  images,  where  the  measurement  of  shadows  can  be 
difficult  due  to  contrast  stretches  that  can  make  determination  of  the  shadow  edge  inaccurate. 
We  have  initiated  a program  using  digital  versions  of  Viking  Orbiter  images  to  make  shadow 
length  measurements,  and  derive  topographic  profiles  using  photoclinometry,  to  add  further 
constraints  to  the  mode  of  formation  and  evolution  of  volcanic  and  impact  craters  on  Mars  via 
an  analysis  of  their  height/depth  and  topographic  slopes. 

Shadow  length  measurements  can  provide  very  precise  height  determinations  if  the 
following  conditions  are  met:  1)  low  sun  angle  above  the  horizon;  2)  pixel  size  is  much  smaller 
than  the  size  of  the  feature  being  measured;  and  3)  relatively  distortion  free  viewing  geometry 
(low  emission  angle).  Fortunately,  Viking  images  exist  that  meet  these  criteria  for  the 
volcanoes  Apollinaris  Patera,  Tyrrhena  Patera,  and  for  many  impact  craters  within  Hesperia 
Planum  (~21  - 34°S,  233  - 248°W).  To  determine  accurate  shadow  lengths,  we  measured 
actual  data  number  (DN)  values  from  calibrated  Viking  images  (6).  Errors  for  these 
measurements  is  determined  from  the  assumption  that  the  top  and  bottom  of  the  shadow  can 
each  be  located  to  within  0.75  pixel  accuracy  (total  error  1.5  pixels). 

In  the  case  of  the  photoclinometric  measurements  (6,  7,  8),  in  order  to  determine  an 
accurate  slope,  all  changes  in  brightness  on  the  image  must  be  the  result  of  a change  in  slope, 
not  albedo,  inspection  of  Viking  images  from  multiple  passes  at  several  wavelengths  for  some 
of  our  study  areas  (Apollinaris  and  Tyrrhena  Paterae)  reveals  no  gross  change  in  brightness 
other  than  that  due  to  change  in  slope  across  the  measured  profiles.  Eight  different  orbits  were 
used  for  Apollinaris  patera,  and  five  were  used  for  Tyrrhena  Patera.  Estimation  of  the  flat  field 
(DN  value  of  a flat  surface)  was  done  by  examining  the  DN  values  of  caldera  floors  and  at 
breaks  in  slope  (e.g.,  the  rim  of  a caldera  or  impact  crater).  The  validity  of  the  flat  field  can  be 
checked  by  taking  a profile  across  a fresh  bowl-shaped  crater,  or  by  comparing 
photoclinometrically  derived  heights  with  shadow  measurements.  If  the  profile  across  a fresh 
bowl  shaped  crater  determines  that  the  opposite  rims  of  the  crater  are  at  the  same  height,  and 
the  shadow  measurement  corresponds  to  the  profile  height,  then  a confidence  level  can  be 
placed  upon  the  flat  field  value. 

For  the  Hesperia  Planum  impact  craters,  we  wish  to  explore  an  earlier  concept  (5)  that 
martian  impact  craters  display  a gradual  transition  with  increasing  crater  size  from  larger 
depth/diameter  ratios  at  small  diameters  to  lower  values  for  larger  craters.  Our  sample  contains 
61  craters  in  the  diameter  range  2.00  - 48.72  km.  Of  these  craters,  26  are  morphologically 
very  fresh,  possessing  complete  rims,  well  preserved  ejecta  blankets  with  radial  striations  or 
sharp  distal  ramparts,  and  have  no  superposed  impact  craters.  These  freshest  craters  are  2.44  - 
14.28  km  in  diameter,  and  are  used  here  to  investigate  the  possible  role  of  volatiles  in 
influencing  impact  crater  geometry.  Shadow  length  measurements  of  crater  depth/diameter 
were  made  from  Viking  Orbiter  images  that  have  a resolution  of  ~95  m/pixel  and  INA  = 64  - 
72°.  Visual  inspection  of  these  images  identified  that  either  some  of  the  SEDR  solar  azimuth 
angle  files  are  incorrect,  or  that  we  had  not  accounted  for  the  oblique  viewing  geometry,  so  we 
estimated  the  solar  azimuth  for  each  frame  by  taking  the  perpendicular  to  rim  shadows  for 
near-circular  impact  craters.  The  average  of  three  crater  diameters  was  used  for  each  crater,  one 
diameter  being  measured  in  the  same  direction  as  the  sun  azimuth  angle  and  two  at  about  ± 45° 
to  the  solar  azimuth.  In  all  cases,  the  rim  crest  of  the  crater  was  taken  to  be  the  point  where 
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there  was  a rapid  variation  in  the  DN  values.  The  rapid  increase  in  DN  values  was  also  used  to 
determine  the  edge  of  the  shadow  and,  from  simple  trigonometry,  the  height  of  the  crater  rim. 
For  a few  of  the  craters  larger  than  -4  km  diameter,  it  was  also  possible  to  obtain 
measurements  of  the  height  of  the  far  rim  above  the  surrounding  terrain. 


RESULTS 

Apollinaris  Patera:  Shadow  measurement  (635A57  INA=79.5°,  Res.=250  m/pixel)  indicate  a 
minimum  relief  of  5100  ± 90  m for  the  west  flank  of  the  volcano.  The  slope  of  the  volcano 
under  the  shadow  must  be  greater  than  the  angle  of  the  sun  above  the  horizon,  10.5°.  Shadow 
measurements  were  also  taken  of  the  caldera  wall,  producing  a height  estimate  of  770  i 90  m. 
Photoclinometric  profiles  show  a distinct  break  in  slope  ~12  km  from  the  summit  plateau.  The 
lower  slopes  must  have  a minimum  slope  of  3.70  ± 0.4°,  while  the  upper  regions  have  a 
minimum  slope  of  5.7°  ± 0.6°  (actual  slopes  are  greater  due  to  the  oblique  angle  of  the  profile 
to  the  topographic  slope). 

Tyrrhena  Patera : Both  high  and  moderate  resolution  low-sun  angle  images  of  Tyrrhena  Patera 
were  used  to  determine  flank  slopes  and  caldera  scarp  heights.  Shadow  measurements  from 
orbit  445A  (INA  = 68°,  res.  60  m/pixel)  indicate  that  the  caldera  scarp  is  typically  400  m high, 
with  a maximum  relief  being  470  ± 35  m.  Photoclinometric  profiles  (image  087A14,  res.  230 
m/pixel)  indicate  that  the  maximum  slope  on  the  measured  flank  is  3.6°  ± 0.5°. 

Hesperia  Craters:  Our  preliminary  analysis  of  the  depth  diameter  ratio  of  the  Hesperia  Planum 
craters  (Fig.  1)  fails  to  identify  the  gradual  transition  from  small  craters  formed  within  a 
shallow  (top  few  hundred  meters)  permafrost  layer  within  the  target  to  larger  craters  formed 
with  deeper,  volatile- poor,  strata  below  the  permafrost  (perhaps  at  depths  of  a few  hundred 
meters).  Based  on  our  estimates  of  depth  and  rim  height,  several  of  the  freshest  craters  would 
penetrate  the  entire  thickness  of  the  ridged  plains  materials  (estimated  to  be  -400  m thick;  ref. 
9),  excavating  the  crater  floor  within  the  basement  materials. 


CONCLUSIONS 

The  lower  slopes  of  Apollinaris  Patera  are  comparable  to  the  slopes  measured  for 
Tyrrhena  Patera,  suggesting  a similar  evolution.  The  break  in  slope  on  Apollinaris  may  reflect  a 
change  in  the  style  of  eruption  from  an  early  stage  of  explosive  activity  similar  to  that  proposed 
for  Tyrrhena  Patera  (10,  1 1)  to  a later  stage  that  included  effusive  eruptions.  This  model  for  the 
evolution  of  Apollinaris  is  thus  similar  to  that  which  we  have  proposed  for  the  evolution  of 
Alba  Patera  (12). 

Although  we  cannot  at  this  time  identify  the  reason  for  the  disparity  between  our  results 
for  the  geometry  of  impact  craters  within  Hesperia  Planum  and  earlier  ideas,  we  offer  two 
possible  explanations: 

1)  Cintala  and  Mouginis-Mark  (ref.  5)  measured  craters  on  a variety  of  geological  units,  some 
of  which  may  have  contained  fewer  volatiles  than  did  other  units. 

2)  Our  analysis  has  concentrated  on  the  youngest,  best-preserved  craters  within  Hesperia 
Planum,  specifically  to  avoid  complications  in  crater  geometry  that  may  have  been  caused  by 
erosion  or  subsequent  infilling.  Our  criteria  for  recognizing  these  craters  will  thus  bias  our 
sample  to  preferentially  include  only  the  most  recent  craters,  which  may  have  formed  at  a time 
when  the  ridged  plains  materials  of  Hesperia  Planum  had  become  dessicated.  By  studying 
craters  of  different  degradation  states,  it  may  still  be  possible  to  investigate  the  temporal 
evolution  of  the  hypothesized  volatile  layer  provided  that  subaerial  modification  processes  can 
be  accounted  for. 
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FUTURE  WORK 

In  addition  to  the  volcanological  interpretation  of  the  derived  topographic  measurements 
for  the  volcanoes,  we  also  plan  to  make  a comparison  between  the  derived  topography  and 
Earth  based  radar  profiles  for  the  same  area.  In  this  manner,  we  hope  to  assess  possible 
averaging  effects  when  measuring  landforms  of  approximately  the  same  size  as  the  radar 
resolution  cell.  Recent  radar  studies  of  impact  craters  (13)  can  provide  a good  test  can  for  this 
investigation. 

For  the  Hesperia  Planum  craters,  it  is  evident  that  the  early  conclusions  (5)  about  the 
effects  of  near-surface  volatiles  influencing  impact  crater  geometry  were  at  best  a fortuitous 
observation  that  combined  data  for  craters  on  many  different  geologic  materials.  Our  more 
geographically  constrained  data  set,  along  with  the  digital  nature  of  our  data  base,  indicates  that 
a larger  data  base  has  to  be  derived  in  order  to  prove/disprove  the  possibility  of  near-surface 
volatiles  affecting  cratering  events.  We  thus  intend  to  extend  our  Hesperia  Planum  study  to  first 
include  a greater  number  of  craters  in  this  region,  and  then  extend  our  data  base  to  include  other 
areas  of  ridged  plains  materials  on  Mars. 
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Fig.  1:  A)  Depth  - diameter  plot  of  all  craters  measured  in  this  analysis.  B)  Depth  - diameter 
plot  of  only  those  craters  considered  to  be  "pristine"  in  this  analysis. 
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Distortions  and  photometric  errors  in  the  Voyager  imaging  subsystem 
Robert  W.  Gaskell  (J PL/Caltech) 


Introduction.  Determination  of  satellite  shape  and  topography  from  Voyager  imaging  data  requires 
finding  landmark  and  limb  locations  to  sub-pixel  accuracy.  It  also  requires  that  corrections  be 
made  for  distortions  introduced  during  readout,  when  the  image  on  the  focal  plane  is  translated 
into  electronic  signals.  The  vidicon  (TV)  tubes  used  for  this  purpose  on  the  Voyager  spacecraft 
have  reseaux  fixed  in  the  camera's  focal  plane  and  which  appear  in  the  final  image.  For  most 
purposes,  distortions  can  be  computed  by  interpolating  between  these  reseaux,  whose  true  locations 
were  measured  before  launch.  If  very  accurate  measurements  are  to  be  made,  simple  interpolation 
between  reseaux  is  not  sufficient.  Beam  bending,  a local  distortion  of  the  readout  electron  beam 
caused  by  the  charge  on  the  vidicon’s  target,  must  be  modeled. 


A simple  beam  bending  model  was  developed  and  successfully  used  to  determine  landmark  locations 
on  Io  (Gaskell,  1988).  These  data  were  then  used  to  find  the  shape  of  Io  (Gaskell  et  al,  1988).  When 
limb  data  was  added  to  the  data  set,  inconsistencies  began  to  appear.  Either  limbs  were  not  being 
found  to  high  enough  accuracy  or  there  were  distortions  not  predicted  by  the  model. 

A more  satisfactory  vidicon  model  now  being  developed  accounts  very  well  for  observed  beam  bend- 
ing effects  (Gaskell,  1989).  It  also  predicts  photometric  corrections  which  could  significantly  alter 
albedo  and  color  measurements.  A computer  simulation  can  now  translate  small  portions  of  a focal 
plane  brightness  distribution  into  the  corresponding  digital  image  data.  Analysis  of  these  processes 
is  complicated  by  the  finite  size  of  the  beam. 

Vidicon  operation.  The  optical-electronic  interface  occurs  at  the  vidicon  target,  a thin  layer  of 
selenium-sulfur  lying  in  the  camera  focal  plane  (Figure  1).  The  target's  resistivity  is  very  high  in  the 
absence  of  light,  but  falls  dramatically  when  it  is  illuminated.  During  the  “prepare  cycle”,  the  beam 
side  of  the  target  is  repeatedly  swept  with  an  electron  beam  until  it  is  fully  charged.  During  the 
“write  cycle”,  the  target  is  illuminated,  allowing  electrons  to  leak  through  the  target  from  the  beam 
side  to  the  tin  oxide  conducting  layer  on  the  camera  side.  During  the  “read  cycle”,  the  beam  steps 
across  the  target  through  800  positions  in  each  of  800  lines,  representing  the  picture  elements  (pixels) 
of  the  final  digitized  image.  At  each  step,  the  beam  reads  for  11.57/is  and  then  takes  five  times  as 
long  to  move  to  the  next  pixel.  Electrons  are  redeposited  on  the  beam  side,  capacitivelv  inducing 
a current  in  the  tin  oxide  layer  on  the  camera  side.  This  current  is  a measure  of  the  brightness  at 
that  pixel. 


Tin  Oxide 
conduc tor 


Light 


"Camera  side" 


Figure  1.  Target  portion  of  vidicon  tube. 
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By  the  time  it  leaves  the  final  grid  (grid  3),  about  5 mm  (360  pixels)  away  from  the  target,  an 
electron  has  been  accelerated  to  about.  700  eV.  It  t hen  decelerates,  approaching  t he  target  with  only 
a few  eV.  At  the  same  time,  it  is  deflected  sideways  with  an  acceleration  proportional  to 


- d 


d*r’<r(r'  + i>'  — (r'fc  + z2) 


-3/2 


(1) 


where  r is  in  the  plane  of  the  target  and  z is  normal  to  it.  The  target’s  surface  charge  density  a is 
reflected  through  the  tin  oxide  conducting  layer  to  produce  an  effective  dipole  sheet. 

Beam  deflection.  If  the  acceleration  in  the  z-direction  is  uniform,  and  if  the  beam  trajectory  is 
nearly  linear,  the  beam  deflection  at  the  target  is  found  to  be 


s~K  / r/2r— <^(  — , A)cr(r  + r,)  (2) 

J r Zg 

where  the  beam  lands  at  rt,  A = ztjzg  and  zg  is  the  distance  from  the  target  to  grid  3.  The  constant 
in  equation  (2)  is  I\  — Zg/AncVg  where  c is  the  capacitance  per  unit  area  of  the  target  and  Vg  is  the 
potential  at  grid  3.  The  beam  bending  differs  from  previous  inverse  square  models  by  the  slowly 
varying  factor 


<£(a  , A)  = a3 A 
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(3) 


Photometric  errors.  The  transverse  velocity  s of  the  beam  at  the  target,  relative  to  the  beam 
velocity  at  grid  3,  is  given  by 


= P(  A) 


a: 
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where 


A)  = 3c*3  f drp](a2  + t{2)  5/2(//  -f  A2(l  - ?;))  1/2  (5) 

Jo 

Energy  conservation  demands  that  A2  + /r(A)  — AirKcr/zg.  This  can  be  used  iteratively  with 
equation  (4)  to  determine  A.  It  also  shows  that  the  charge  can  only  be  read  down  to  a cutoff 
a ^ p~(0)zg /4tt I\ . In  areas  where  beam  bending  is  large,  this  leads  to  significant  photometric 
errors.  The  beam  deflection  is  also  related  to  the  transverse  velocity  by 


(1-A2)s(A)  = s(0)-2z,A^(A)  (6) 

Beam  shape.  The  first  line  of  each  Voyager  frame  is  significantly  brighter  than  those  following. 
The  values  are  consistent  with  a readout  beam  between  two  and  three  pixels  in  diameter.  Roughly 
speaking,  the  first  line  is  bright  because  it  represents  a wide  swath  of  target  being  recharged  by  the 
beam.  Subsequent  sweeps  recharge  only  the  one  pixel  wide  differential  region.  A similar  phenomenon 
is  observed  for  the  first  column  of  each  picture.  The  situation  is  complicated  by  differential  beam 
bending,  which  causes  distortion  of  the  beam. 
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Simulation  results.  A computer  model  has  been  constructed  incorporating  these  effects.  Addi- 
tional corrections  have  been  made  for  the  target  thickness  and  for  slightly  nonlinear  beam  trajecto- 
ries. Each  beam  pulse  is  broken  up  into  six  time  periods,  allowing  for  changes  in  the  target  charge 
distribution  during  reading. 

To  within  a factor  of  two,  a saturated  image  (255  DN)  corresponds  to  about  6 volts  so  that  c,  the 
target  capacitance  per  unit  area,  is  about  40  DN/V.  With  zg  ~ 360  pixels  and  \g  = 700V,  A is 
about  1CT3  pixel/DN.  This  constant  was  also  determined  by  comparing  reseau  locations  in  several 
pictures  taken  at  approximately  the  same  time.  Best  fits  for  A were  within  20  percent  of  the  value 
above  for  all  Voyager  cameras.  Observed  brightness  distributions  around  reseaux  and  near  limbs 
were  reproduced  with  the  same  value  for  A . 

Work  is  currently  underway  to  speed  up  the  simulation  process.  For  example,  the  simple  approxi- 
mations <p(a,  A)=»2(l  — A(o/2  + A2)-1/2)  and  *(«,  A)  « (a/2  + A2)"  ^ can  be  used  to  compute  the 
bending  analytically  in  the  beam  landing  region.  Approximate  simulations  will  be  tested  against 
the  current  “exact”  simulation. 

Discussion.  It  is  doubtful  whether  any  control  network  based  on  vidicon  data  can  achieve  sub-pixel 
accuracy  without  properly  modeling  beam  bending.  Limb  measurements  are  even  more  suspect,  due 
to  additional  photometric  effects  and  there  may  be  significant  errors  in  color  and  albedo  determi- 
nations. Finally,  the  very  nature  of  the  readout  process  is  nonlinear.  Modeling  it  as  convolution 
between  the  target  brightness  and  a pointspread  function,  as  is  commonly  done  for  limbs  and  stars, 
is  inappropriate.  The  development  of  a fast  vidicon  simulator  could  reduce  the  errors  in  a variety  of 
planetary  and  satellite  measurements  by'  at  least  a factor  of  three. 
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TRITON  MAPPING 

R.M.  Batson,  P.M. Bridges,  Kathleen  Edwards,  and  J.L.  Inge,  U.S. 
Geological  Survey,  Flagstaff,  AZ  86001 

Maps  of  Triton  based  on  Voyager  2 data  have  been  compiled  and  are 
in  review.  Publication  in  both  airbrushed  "pictorial"  and  controlled 
photomosaic  versions  is  anticipated  by  October  of  1990.  The  maps  are  in 
Mercator  and  Polar  Stereographic  (south  polar  region  only)  promotions 
at  a scale  of  1:15,000,000.  A third  map,  in  Mercator  projection  at  a 
scale  of  1:5,000,000,  is  centered  on  8 S and  8 E;  it  extends  from  45  N 
to  60'  S and  from  285c  E to  90°  E,  enclosing  the  area  of  highest 
resolution  Voyager  2 coverage.  All  projections  are  based  on  a sphere 
with  a diameter  of  2,700  km.  Because  of  the  retrograde  rotation  of 
Triton,  longitude  increases  to  the  east,  in  accordance  with  astronomical 
convention. 

Digital  mosaics  were  assembled  at  a scale  of  l/32c  (1.3  km)  per 
pixel  according  to  methods  described  by  Batson  (1987)  and  Edwards 
( 1987 ) . Planimetric  control  was  based  on  ephimerides  provided  by  the 
Navigation  Ancilliary  Information  Facility  (NAIF)  of  the  Jet  Propulsion 
Laboratory.  NAIF  parameters  (spacecraft  position,  camera  orientation, 
and  position  and  orientation  of  Triton)  were  used  for  the  single  Voyager 
frame  (1550N2-001)  covering  the  Neptune -facing  hemisphere  at  the  highest 
available  resolution,  as  were  spacecraft  positions  of  all  other  frames. 
Camera  orientations  for  frames  in  the  mosaic  were  modified  from  NAIF 
data  as  required  to  fit  the  control  frame.  The  average  positional  error 
of  the  mosaic  with  respect  to  the  control  frame  is  less  than  6 km. 

After  compilation,  the  mosaics  were  transformed  to  map  projections 
defined  above. 

The  pictorial  maps  were  prepared  according  to  methods  described  by 
Inge  and  Bridges  (1976).  Landforms  are  shown  as  if  illuminated  from  the 
south.  Surface  markings  are  also  shown. 
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PLANETARY  ATLASES 

R.M.  Batson,  J.L.  Inge,  and  H.F.  Morgan,  U.S.  Geological  Survey, 
Flagstaff,  AZ  86001 

Two  kinds  of  planetary  map  atlases  are  in  production.  The  first 
kind,  produced  as  NASA  Special  Publications,  contains  reduced-scale 
versions  of  previously  published  maps  in  hard-bound  books  with 
dimensions  of  11  X 14  inches.  These  atlases  are  intended  [ 1 ) to  provide 
concise  but  comprehensive  references  to  the  geography  of  the  planets 
needed  by  planetary  scientists  and  others  and  (2)  to  allow  inexpensive 
access  to  the  planetary  map  dataset  without  requiring  acquisition  and 
examination  of  tens  or  hundreds  of  full-size  map  sheets.  Two  such 
atlases  have  been  published  (Batson  et  al.,  1979,  19S4)  and  a third  is 
in  press  (Batson  and  Inge,  1990).  We  have  just  begun  work  on  an  Atlas 
of  the  Satellites  of  the  Outer  Planets,  which  we  hope  to  complete  in 
about  one  year. 

The  second  kind  of  atlas  is  a popular  or  semi-technical  version 
designed  for  commercial  publication  and  distribution.  One  such  atlas, 
The  Atlas  of  the  Solar  System,  by  Greeley  and  Batson,  is  in  preparation. 
This  volume  will  have  dimensions  of  12  X 18  inches.  Its  emphasis  is  on  a 
global  view  of  each  solid-surface  body  of  the  Solar  System.-  it  will 
contain,  for  each  such  body,  brief  descriptions,  a large  number  of  color 
maps  and  illustrations,  simplified  geologic  maps,  and  shaded  relief 
maps.  All  of  the  maps  are  on  equal-area  projections.  Scales  are 
1:40,000,000  for  the  Earth  and  Venus;  1:2,000,000  for  the  Saturnian 
satellites  Mimas  and  Enceladus  and  the  Uranian  satellite  Miranda; 
1:100,000  for  the  Martian  satellites,  Phobos  and  Deimos;  and 
1:10,000,000  for  all  other  bodies.  The  giant  gaseous  planets  are 
portrayed  with  small-scale,  uncontrolled  color  mosaics. 

Map  compilations  are  virtually  complete  for  this  second  kind  of 
atlas.  Text-writing  is  in  progress.  The  goal  is  to  have  the  book 
available  to  the  public  on  October  12,  1992,  in  commemoration  of  the 
500th  anniversary  of  the  Columbus  voyages. 

References 

Batson,  R.  M. , Bridges,  P.  M. , Inge,  J.  L. , 1979,  Atlas  of  Mars:  The 

1:5,000,000  Map  Series:  National  Aeronautics  and  Space 

Administration  Special  Pub.  438,  146  p. 

Batson,  R.M.,  Lee,  E.M.,  Mullins,  K.F.,  Skiff,  B.A.,  Bridges,  P.M. , 

Inge,  J.L.,  Masursky,  Harold,  and  Strobell,  M.E.,  1984,  Voyager  1 
and  2 atlas  of  six  Saturnian  satellites:  National  Aeronautics  and 
Space  Administration  Spec.  Pub.  474,  175  p. 

Batson,  R.M.  and  Inge,  J.L.,  eds. , (in  press).  Atlas  of  Mars:  the  Viking 
global  survey:  National  Aeronautics  and  Space  Administration 

Special  Publication. 


566 


THE  MARS  DIGITAL  CARTOGRAPHIC  DATABASE 

R.M.  Batson  and  Kathleen  Edwards,  U.S.  Geological  Survey,  Flagstaff,  AZ 
86001 

A global  digital  image  model  (DIM)  of  Viking  Orbiter  images  of  Mars 
is  being  compiled  according  to  the  plan  described  by  Batson  *1987). 

This  mosaic  is  a refined  digital  version  of  the  1: 2, 000, 000- scale 
controlled  photomosaic  series.  The  database  is  being  distributed  on 
digital  tapes  to  nine  institutions,  including  the  National  Space  Science 
Data  Center.  Each  tape  contains  a single  "MC  quadrangle,  partitioned 
according  to  the  1: 2, 000, 000- scale  quadrangle  format.  Figure  1 is  an 
example  of  the  photographic  image  of  the  MC29SW  DIM.  Compilation  is  88% 
complete,  and  60%  of  the  DIMS  have  been  released  and  distributed.  A 
final  distribution  of  the  remaining  DIMs  is  scheduled  for  November  1, 
1990.  Production  is  on  schedule,  so  there  should  be  no  problem  in 
meeting  that  deadline. 

The  DIM  is  tied  to  the  topographic  control  net  for  Mars.  The 
published  standard  error  of  this  net  is  about  5 km  (Wu  and  Schafer, 

1984;  Davies  and  Katayama,  1983)  for  the  control  base,  which  represents 
20  pixels  in  the  DIM.  Discrepancies  between  adjacent  frames  are  far 
less  than  20  pixels  over  most,  but  not  all,  of  the  planet.  We  attempted 
to  distribute  the  error  so  that  it  was  not  obtrusive  in  the  mosaics,  but 
this  was  not  possible  in  some  areas.  The  error  can  be  attributed  to  a 
lack  of  precise  knowledge  of  the  spacecraft  location  in  space  at  the 
time  each  image  was  taken  and  to  parallax  in  oblique  images  of  rugged 
terrain.  Camera  locations  can  be  derived  only  by  tracking  the 
spacecraft  continuously  and  precisely  during  its  active  lifetime,  which 
was  not  always  possible.  Given  camera  positions,  camera  orientations 
can  be  derived  by  reducing  to  their  minima  the  discrepancies  between 
images  in  overlapping  frames  and  the  control  net. 

The  individual  frames  incorporated  in  the  global  DIM  will  be 
distributed  on  October  31,  1991.  These  are  radiometrically  and 
cosmetically  corrected  image  frames.  They  have  not  been  resampled 
(i.e.,  no  geometric  correction  has  been  made),  nor  have  they  been 
spatially  filtered.  They  therefore  display  the  highest  resolution 
possible  for  each  frame.  The  digital  label  for  each  of  these  frames 
contains  corrected  camera  orientation  information  (i.e.,  a refined 
supplemental  engineering  data  record,  or  "SEDR” ) derived  during  the 
compilation  of  the  DIM.  This  can  be  used  to  project  each  image  to  its 
exact  location  in  the  DIM. 

First-order  photometric  corrections  were  performed  and  contrast 
ranges  were  normalized  based  on  solar  illumination  geometry.  These 
corrections  were  made  on  the  frames  only  as  they  were  mosaicked  into  the 
DIM.  The  individual  versions  of  these  frames  will  not  be  distributed. 

A high-resolution  DIM  is  being  compiled  of  areas  selected  to 
support  specific  scientific  studies  (figure  2).  This  compilation  is  a 
digital  continuation  of  the  1: 500, 000- scale  mosaic  (MTM)  series  begun  in 
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1984.  Whereas  the  resolution  of  the  global  Dili  is  normalized  to  1/256 
deg/pixel  {231  m/pixel  on  Mars),  the  high-resolution  DIMs  are  normalized 
to  the  highest  resolution  available  in  each  area  covered.  This  may  be 
as  small  as  1/2056  deg/pixel,  or  about  30  m/pixel.  These  high- 
resolution  mosaics  are  tied  to  the  medium- resolution  DIM  discussed 

above . 

The  5-km  global  error  becomes  particularly  obtrusive  in  the  high- 
resolution  DIMs;  at  30  m/pixel,  for  example,  5 km  is  nearly  200  pixels. 
Such  a large  discrepancy  between  adjacent  frames  is  clearly 
unacceptable.  Where  discrepancies  of  this  magnitude  occur,  therefore, 
the  high-resolution  parts  of  a mosaic  are  tied  to  the  medium-resolution 
parts  at  only  one  or  two  points,  resulting  in  small  frame-edge 
discrepancies  within  high-resolution  mosaics,  and  large  (some  very 
large)  discrepancies  between  high- resolution  and  medium- resolution  frame 
boundaries. 
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Illustrations 

Figure  1.  Photographic  image  of  part  of  a medium- resolution  DIM  of  Mars 
(MC29SW).  Projection  is  Sinusoidal  Equal-Area  centered  on  long 
225“  W. 

Figure  2.  Status  of  Mars  1: 500, 000- scale  mapping,  including  both  DIMs 
and  manual  mosaics.  Quadrangles  assigned  to  geologic  mappers  are 
solid  black. 
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A NEW  SHADED  RELIEF  MAP  OF  THE  LUNAR  NEAR  SIDE 

R.M.  Batson  and  P.M.  Bridges,  U.S.  Geological  Survey,  Flagstaff,  AZ 
86001 


A new  shaded  relief  map  of  the  lunar  near  side  has  been  prepared  at 
a scale  of  1:5,000,000.  This  map  completes  a set  consisting  also  of  the 
far  side  and  the  polar  regions  of  the  Moon  (USGS,  1980,  1981).  The  maps 
are  in  the  format  of  a set  prepared  primarily  from  telescopic 
photographs  by  the  USAF  Chart  and  Information  Center  (ACIC,  1970a, 

1970b,  1970c),  now  out  of  print.  When  completed,  this  new  shaded  relief 
map  will  be  digitized  for  inclusion  in  a completely  new  digital  database 
for  the  Moon.  The  new  map  is  required  for  general  scientific  use  and  to 
support  new  lunar  exploration  initiatives. 

A mosaic  provided  by  the  Defense  Mapping  Agency  Topographic  Command 
was  used  as  a control  base.  A wide  variety  of  Lunar  Orbiter  images 
(primarily  LO  4)  images  were  examined  in  the  interpretation. 

Although  westerly  illumination  is  normally  used  for  lunar  and 
planetary  maps,  relief  in  the  new  map  is  illuminated  from  the  east  for 
consistency  with  the  series'  far  side  and  polar  maps. 
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STATUS  OF  THE  1 : 2 ,000, 000-SCALE  TOPOGRAPHIC  MAP  SERIES  OF  MARS 
Sherman  S.  C.  Wu,  Karyn  K.  Ablin,  Patricia  A.  Garcia,  and  Raymond 
Jordan,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001 

We  have  developed  special  photogrammetric  techniques  (Wu  et  al., 
1982)  for  systematically  mapping  Mars'  topography  at  a scale  of 
1:2,000,000  from  high-altitude  Viking  Orbiter  images.  Seven  quadrangles 
have  been  published  and  technical  review  is  complete  for  an  additional 
57;  these  64  quadrangles  cover  the  Mars  equatorial  band  (lat  30°N  to 
30°S ) . By  the  end  of  fiscal  year  1990,  56  more  quadrangles  will  have 
been  completed  for  compilation  on  the  analytical  stereoplotters.  The 
remaining  20  quadrangles,  which  cover  the  two  polar  regions  of  Mars, 
will  be  completed  in  fiscal  year  1991. 

Elevations  on  the  maps  are  relative  to  the  Mars  topographic  datum  (Wu, 
1981).  The  Mars  planetwide  control  net  (Wu  and  Schafer,  1984)  is  used 
for  the  control  of  compilation.  The  maps  have  a contour  interval  of  1 
km  and  a vertical  precision  of  + 1 km,  and  thus  are  more  detailed  than 
previous  maps. 
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QUANTITATIVE  ANALYSIS  OF  MARS'  TOPOGRAPHY 

Sherman  S.  C.  Wu,  Annie  Howington-Kraus  and  Karyn  Ablin,  U.S.  Geological 
Survey,  Flagstaff,  AZ  86001 

A new  global  topographic  map  of  Mars  has  been  published  (USGS, 
1989).  The  map,  at  a scale  of  1:15  million  with  a contour  interval  of 
1 km,  was  compiled  by  the  synthesis  of  data  acquired  from  various 
scientific  experiments  of  both  the  Mariner  and  Viking  Missions  (Wu  et 
al.,  1986).  Contour  lines  of  the  map  are  referred  to  the  Mars 
topographic  datum  (Wu,  1981).  Those  in  the  equatorial  belt  (between  lat 
30°N.  and  30°S.  ) were  extracted  from  1:2  million-scale  contour  maps 
compiled  by  stereophotogrammetric  methods  using  Viking  Orbiter  pictures. 
The  planetwide  control  net  was  used  for  control  (Wu,  and  Schafer,  1984). 

From  the  global  topographic  map,  a Mars  Digital  Terrain  Model  (DTM) 
has  been  derived  (Wu  and  Howington-Kraus,  1987).  From  the  DTM,  we 
calculated  the  distribution  of  Mars'  volume  above  and  below  its  datum. 

We  first  mosaicked  data  from  the  western  and  eastern  hemispheres  with 
data  from  the  two  polar  regions  and  converted  the  result  from  the 
Mercator  projection  to  a Sinusoidal  Equal  Area  projection.  We  then 
calculated  volumes  in  36  separate  blocks,  each  covering  30°  of  latitude 
and  60°  of  longitude  (Fig.  1).  The  volumes  were  calculated  by 
multiplying  each  1-km2  area  by  the  surface  elevation  above  or  below  the 
datum.  In  Table  1,  total  volumes  of  the  six  longitudinal  zones  (each 
comprising  six  blocks)  are  listed  in  the  bottom  two  rows,  and  total 


Table  1.  Volume  Distributions  of  Mars  Topography. 


(All  values  are  X 10^  km^.) 


Longitude(w) 

1 80°  * 1 20° 

I20°-60° 

60°-0° 

360°-300° 

300°-240° 

240°- 1 80° 

0°-360° 

Latitude 

N90°-6Q° 

+ 0 

-3.135 

+0.027 

-2.393 

+0.017 

-3.758 

+0.070 

-2.433 

+0.064 

-2.099 

+0.006 

-4.185 

+0.183 

-18.003 

N60°-30° 

+ 1.228 
-5.776 

+ 10.728 
-0.384 

+0.095 

-6.144 

+ 3.768 
-1.067 

+0.931 

-4.901 

+ 0.747 
-5.330 

+ 17.497 
-23.601 

N30°-0° 

+9.645 

-5.016 

+25.687 

-0.029 

+ 1.842 
-4.526 

+9.485 

-0.027 

+6.910 

-4.506 

+2.850 

-4.837 

+ 56.419 
- 1 8.940 

S0°-30° 

+ 22.919 
-0.001 

+42.109 

-0.044 

+ 10.006 
-0.852 

+ 20.1 13 
-0.006 

+ 18.405 
-0.052 

+ 14.215 
-0.762 

+ 127.768 
-1.716 

S30°-60° 

+ 22.146 
- 0 

+24.022 

-0 

+ 14.206 
- 0 

+ 14.769 
-1.420 

+6.652 

-4.616 

+ 18.751 
- 0 

+ 100.545 
-6.036 

S60°-90° 

+6.844 
- 0 

+6.197 
- 0 

+5.980 
- 0 

+5.258 

-0 

+5.807 
- 0 

+7.237 
- 0 

+ 37.324 
- 0 

N90°-S90° 

+62.783 

-13.927 

+ 108.769 
-2.849 

+ 32.145 
-15.280 

+ 53.463 
-4.952 

+ 38.770 
-16.173 

+43.805 
- 15.1  14 

+ 339.735 
-68.296 

Positive  volumes  are  solid  mass  above  the  topographic  datum,  whereas  negative  volumes  are  empty 
space  below  the  topographic  datum. 
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volumes  of  the  six  latitudinal  bands  (each  comprising  six  blocks)  are 
listed  in  the  last  column.  The  western  hemisphere  is  about  72  million 
km5  greater  in  volume  than  the  eastern,  because  it  contains  the  Tharsis 
bulge.  The  southern  hemisphere  is  about  244  million  km1  greater  in 
volume  than  the  northern,  and  its  average  elevation  is  3 to  4 km  higher, 
because  Mars'  center  of  mass  is  shifted  about  3.5  km  to  the  north  of  its 

center  of  figure.  

Total  global  topographic  volumes  are  339.7  million  km  above  the 
datum  and  68.3  million  km!  below  it.  A total  solid  volume  below  the  ^ 
Mars  topographic  datum  is  calculated  to  be  about  162.9x10  million  km  . 
Therefore,  the  total  solid  volume,  including  topographic  irregularities, 
is  163.2X101  million  kmJ.  The  total  area  of  Mars’  surface  at  the  datum 
is  about  144.2  million  kmJ.  The  mean  elevation  above  the  datum  is  then 

about  1.9  km . 
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PUBLICATION  OF  THE  MARS  CONTROL  NETWORK 

Sherman  S.  C.  Wu,  Jennifer  S.  Billideau,  Annie  Howington-Kraus , and  Beth 
A.  Spare,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001 

The  planetwide  control  network  of  Mars  (Wu  and  Schafer,  1984)  is 
based  on  1,157  high-altitude  Viking  Orbiter  images  and  contains  4,502 
control  points  covering  the  entire  surface  of  Mars.  The  network  is  not 
only  instrumental  in  the  compilation  of  maps  at  various  scales,  but  it 
is  also  widely  used  in  other  research  such  as  the  study  of  Mars'  gravity 
and  atmosphere. 

Since  the  autumn  of  1989,  we  have  been  formatting  the  control 
network  for  a NASA  Special  Publication,  which  will  be  useful  for 
planetary  studies  as  well  as  for  planning  future  Mars  missions  such  as 
the  Rover/Sample  Return  Mission.  We  have  completed  the  precise  marking 
of  control  points  on  the  half-tone  bases  of  1:2, 000, 000- scale 
photomosaics  that  were  prepared  for  the  Mars  Atlas  (Batson  and  Inge,  in 
press).  Figure  1,  an  example  of  these  mosaics,  shows  105  control 
points  on  MC  18E  (a  combination  of  MC18-NE  and  -SE);  each  point  appears 
on  at  least  two  images.  The  final  adjusted  ground  coordinates  and 
elevations  of  the  control  points  are  shown  in  Table  1.  The  last  column 
in  the  table  lists  the  topographic  datum  (zero  elevation)  that  can  be 
used  to  compute  the  solid  radius  of  the  control  point  from  the  center  of 
mass  of  Mars. 

The  NASA  Special  Publication  will  also  include  information  such  as 
the  adjusted  C-matrices  of  each  image,  description  of  the  methods  used 
and  their  accuracy,  and  guidelines  for  users.  It  will  be  submitted  by 
the  end  of  fiscal  year  1990  for  publication. 
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23  56  59.283 

22  12  25.423 

17  51  56858 
16  22  58.484 
13  09  09.210 
39  46  53.775 
13  48  20931 


4108.850 
3087.196 
5854.858 
7550.493 
6519.155 
4100514 
6260.060 
5821.576 
6269.208 
7147.707 
3640.644 
3458.563 
3586.583 
4268. 167 
3867.147 
4122.821 
214.679 
3682.406 
5979.953 
3616617 
418  1.816 
4889.051 
6162.946 
2689.788 
2989.837 
3487.769 
324  5.672 
4120.550 
3670.461 
357  1.655 
3534.166 
2685.596 
2920.530 
3596.825 
3848.198 
910.376 
15.860 
3375.725 
2851.986 
377  0.347 
3046.436 
3687.793 
3446.433 
3793.170 
3568.705 
3370.741 
3793.170 
4017.580 
3257.546 
4999.051 
383  3.159 
4183.809 
3982.286 
4860.847 
5093.788 
5041.392 
5351.681 
5639.877 
5835.797 
5334.839 
5999.515 
6200.063 
6260.430 
6504.331 
6638.028 
6530.704 
3106.962 
3071.760 
2670.605 
495.144 
3067.347 
321  1.081 
2709.679 
2409.862 
3926.260 
4899.960 
5886.795 
5574.394 
4833.903 
7957.323 
7086.234 
7016.872 
356.565 
5977.181 
6074.528 
5396.817 
5772.602 

4646.797 
4890.913 
6069.927 
3794.492 

4061.798 
4373.627 
5070.964 
6277.326 
5985.467 
5650.133 
2922.470 
6269.791 
5744.268 
361 1.192 
5315.160 
3729.864 
5341.431 

-1130.820 


DATUM  (M) 
3393505.626 
3393368.234 
3391438.904 
3390193.308 
3392174.669 
3391770.454 
3393047.888 
3393831.876 
3393447.823 
3393103.807 
3393635.633 
3393657.745 
3393471.654 
3393289.115 
3393304.853 
3393320.426 
3393162.785 
3392562.793 
3392439.020 
3392018.080 
3392013.229 
3392569.267 
3390413.366 
3391296.947 
3390906.231 
3390331.600 
3390133.016 
3390887.812 
3390839.759 
3391922.712 
3391 191.910 
3391606.682 
3391625.718 
3391409,270 
3391531.756 
3392497.852 
3392252.875 
3392772.994 
3393108.854 
3389853.966 
3390845.489 
3390610.819 
3389387.556 
3390096.656 
3390182.705 
3390596.892 
3389795.085 

3389527.552 
3391084.243 
3389783  1 16 
3390185.847 
3389990.622 
338971  1.648 

3389735.552 
3389608.281 
3389712.373 
3390167.449 
3390864.492 
3390875.568 
3389884.159 
3389838.100 
3389899.9)9 
3390898.654 
3390971.038 
3390711.122 
3390345  615 
3393408.177 
3393426.771 
3393459.923 
3393329.732 
3393369.844 
3393481.212 
3393406.787 
3393327.337 
3390905.424 
3389632.625 
3391878.319 
3391117.344 
3392099.496 
3393392.984 
3393321.208 
3393152.948 
3392991.054 
3391770.639 
3392191.411 
3392410.551 
3392565.751 
3392842.335 
3392920  333 
3393  048. 199 
3392934.324 
3392980.811 
3393139.406 
3393307,481 
3392469.724 
3392287.997 
3391346.677 
3392918.895 
3390861 . 175 
3391209.198 
3391918.400 
3392227.804 

3 392  641.091 
3391632.923 
3392476.1  15 
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THE  CONTROL  NETWORK  OF  MARS:  MARCH  1990 

Merton  E.  Davies  and  Patricia  G.  Rogers 

The  RAND  Corporation,  Santa  Monica,  CA  90406-2138 


The  preliminary  control  network  of  Mars  was  • u a 

T t"r”inati°"  °f  a geographic  coordinates  of  features 

Wp“el  .Jn“.  “T’'-  9 in^«'  “ith  -solutiooa  o,  1 2 

km/ pixel  and  coverage  of  almost  the  entire  martian  surface  leH  t* 

a;”LPMaaru“aid' ’ ™"«»1  net.  “ Z 

iZlll  ao-2„„  ,/pl“  ^ 'a6  rki"9  °rbite"  »™d“«d  resolution 

disLiJion'ofVhe'cont  cl  nettrr*'^  *'P“"d  »~“”d * »"d 


rrsoouthMo"  r zz  ~n  by  r — 

and"  3375di;“e=(ahav  *"  of  3393M Z 

of  radio  tracking  data  ‘ f f!  Vaucouleurs  et  al . , 1 973 ) . Analysis 

measurements  of  Mars'  rotational  \ landers  led  to  accurate 

Michael ^"l 97 9^atiVe  “ ^ ^.t ' ^./l^; 


system.  ' analysis  is  performed  m the  J2000  coordinate 


photogramn^;^d.c  ^ ~strios^enc^  ’ 1*™  t0  Create  high-resolution 

and  south  These  are  tied  ^ ^ SqUator  and  at  60°  north 

90°  of  longitude.  High-resol^oT  T^*  "*** 

currently  beinn  u.  . strips  at  30  north  and  south  are 

viu“l  S/,rire  lt“”1Uti:  l7-9  i"  the 

net.  The  Vikino  l land  and  thereby  strengthen  the  overall 

Jones,  igao^Tne1  TZLZ  TZZT  ZZIZ  r 

v„  srrtr^L  z z . — -----  « 

the  planets'  surface  * a"d  6 k"  thtoughout  the  rest  of 


The  following  represents  the  current  status  nf  h,  „ , 

calculations:  status  of  the  control  network 


9333  Points 

2497  Pictures  (1054  Mariner  9, 
62,404  Observation  Equations 
26,157  Normal  Equations 
2.39  Overdetermination 

14.07  Standard  Error  (Jim) 


1443  Viking) 


Through 

missions 


high  resolution  imaging 
could  improve  the  overall 


Of  the  Viking  lander  sites,  future 
accuracy  of  the  Mars  control  network. 


579 


References 


Davies, 

Viking 


M.  E.  , "The  Prime 
Landers,"  Science , 


Meridian  of  Mars 
197,  1277,  1977. 


and  the  Longitudes  of  the 


de  Vaucouleurs,  G.,  M.  E.  Davies^ 
Areographic  Coordinate  Systems, 

4395-4404,  July  10,  1973. 


and  F.  M.  Sturms,  Jr.,  "Mariner  9 
J.  Geophys.  Res.  Vol . 78,  No.  20, 


, d m Tolson;  W.  H.  Michael,  Jr.  , G.  M. 

Mayo,  A.  P.;  W.  T.  Blac  s e^r'  T *A  Kornarek,  "Lander  locations,  Mars 

Kelly;  J-  Brenkl  ' , ' tem  parameters:  Determination  from 

physical  ep heme^s,  and  solar  y Res  82f  4297-4303,  1977. 

Viking  lander  tracking  data,  J.  p y 


Michael,  William  H., 
Mapping, " The  Moon 

Morris,  E.  C.  and  K. 
Revised  Location, 


Jr.,  "Viking  Lander  Tracking  Contributions  to  Mars 
and  Planets  20,  149-152,  1979. 

L.  Jones,  "Viking  I Lander  on  the  Surface  of  Mars: 
Icarus  44,  217-222,  1980. 


580 


7 


A UNIFIED  LUNAR  CONTROL  NETWORK:  MARCH  1990 

Merton  E.  Davies  and  Tim  R.  Colvin,  The  RAND  Corporation,  Santa  Monica, 

CA  90406 

Donald  L.  Meyer,  Defense  Mapping  Agency,  Aerospace  Center,  St.  Louis  AFS, 

MO  63118 

This  program  has  been  designed  to  combine  and  transform  many  control 
networks  of  the  Moon  into  a common  center-of-mass  coordinate  system. 
The  first  phase,  dealing  with  the  near  side,  has  been  completed  and 

published  (Davies,  et  al . , 1987).  Coordinates  of  1166  points  on  the 

near  side  of  the  Moon  are  given. 

The  most  accurately  defined  points  on  the  Moon  are  locations  of  the 
laser  ranging  ret roref lectors  {Ferrari,  et  al . , 1980)  and  the  VLBI 

measurements  of  the  locations  of  the  Apollo  15,  16,  and  17  ALSEP 

stations  (King,  et  al.,  1976) . Recent  values  for  the  coordinates  of  the 
ret roref lectors  have  been  received  from  Williams  and  Dickey,  1986.  The 
accuracy  of  these  locations  is  about  30  m and  their  locations  are  used 
to  define  the  center-of-mass  and,  hence,  the  origin  of  the  unified  lunar 
coordinate  system.  The  coordinates  of  the  ret roref lectors  are  given  in 
both  principal  axes  and  mean  Earth/Polar  axis  systems.  Mean  Earth/Polar 
axis  coordinates  have  been  recommended  by  the  IAU  (Davies,  et  al.,  1989) 
for  the  moon.  The  difference  in  the  coordinates  is  important,  more  than 
600  m in  latitude  and  longitude. 

The  Apollo  15,  16,  and  17  ALSEP  stations  have  been  identified  on  Apollo 

panoramic  photography  and  their  locations  transferred  to  Apollo  mapping 
frames.  Thus,  their  coordinates  are  available  in  the  control  network 
computations.  Transformation  parameters  involving  translation, 

rotation,  and  scale  were  derived  to  best  fit  the  control  network 
coordinates  to  the  three  ALSEP  station  coordinates.  The  DMA/603 
transformed  system  was  selected  as  the  primary  control  for  the  unified 
network . 

The  telescopic  network  of  Meyer,  1980  was  selected  to  transform  from 
center-of-figure  to  center-of-mass  coordinates.  130  points  common  to 
Meyer's  and  the  Apollo  networks  were  selected  and  transformation 
parameters  computed  to  shift  Meyer's  coordinates  to  the  transformed 
Apollo  network.  The  RMS  of  the  residuals  of  this  transformation  is  808  m. 
The  mean  shift  of  the  coordinates  was  1352  m,  with  a maximum  of  2336  m 
and  a minimum  of  803  m. 

The  Mariner  10  control  network  has  been  tied  to  this  system  through 
common  points  and  the  coordinates  of  ten  points  in  the  north  polar 
region  have  been  computed.  Our  report  contains  coordinates  of  130 
Apollo  points,  1026  telescopic  points,  and  ten  Mariner  10  points.  These 
results  were  published  in  Davies,  et  al.,  1987. 

The  Apollo  control  network  does  continue  around  the  east  limb  and  the 
far  side  to  longitude  180°  and  beyond.  Thus,  the  unified  network  can  be 
extended  onto  the  farside  with  the  Apollo  data.  This  has  now  been  done. 
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*»  — * r h„:r  P~  ~ i 

overlapping  «eas  points  are  identified  on  just  one  set  of 

stereocompantor  Thus,  P ^ the  location  of  the  points. 

For*"  this  reason  " was  decided  to  determine  the  coordinates  of  points 
^ covers  Thfe^re  ^ 

r r r, 

6 km. 

..  „ nf  ns9  PRS  points  have  been  computed  in  the  unified 

Er*  J5rr5  5SSi- ft  - “ 
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IMPROVEMENTS  TO  MERCURY'S  GEODETIC  CONTROL  NETWORK:  MARCH  1990 

Merton  E.  Davies  and  Patricia  G.  Rogers 
The  RAND  Corporation,  Santa  Monica,  CA  90406 


Mariner  10  imaging  data  of  Mercury, 
1974-1975,  revealed  approximately  45 
topography.  Features  identified 
(0.5— 2.0  km/pixel)  form  the  basis 
network . 


acquired  during  three  flybys  from 
per  cent  of  the  planet's  surface 
on  these  high-resolution  images 
of  Mercury's  planetwide  control 


Hun.  Kal,  a small  crater  located  near  the 
meridian  on  Mercury  (Murray,  et  al . , 1974) 

assumed  normal  to  the  equatorial  plane  and 
58.6462  days . 


equator  defines  the  20° 
The  planet's  spin  axis  is 
its  rotational  period  is 


? ?79l  thS  Internatl0nal  Astronomical  Union  (IAU)  recommended  that  the 

standard  inertial  coordinate  system  be  based  on  the  epoch  of  2000 

rr"  , <Julian  ^te  241545.0).  Since  1984,  all  tables  and  other 
data  in  the  Astronomical  Almanac  have  been  given  in  J2000  coordinates 

t LC°  “ network  computations  of  Mercury  have  been  converted  to  the 
J2000  coordinate  system. 


Control  network  computations  involve  photogrammetric  determination  of 
control  point  coordinates,  and  an  analytical  triangulation  solution 
similar  to  that  used  for  Mars'  control  network  (Davies  et  al . 1973) 

Currently,  these  calculations  include: 


2393 
811 
26, 142 
7,219 
3.62 
21.54 


Points 
Piet  ures 

Observation  Equations 
Normal  Equations 
Overdetermination 
Standard  Error  of  Measurement 


(Jim) 


A mean  radius  of  2439  km,  based  on  limb  measurements  and  the  radio 
occupation  experiment,  was  used  in  the  control  network  computations 
However,  we've  modified  the  radii  at  60  points  in  the  current  control 
wor  so  utions  using  radar  altimetry  profiles  from  Arecibo  and 
Goldstone  radar  observations  (Harmon,  et  al.,  1986;  Zohar  and  Goldstein, 


In  order  to  confirm  that  the  mass  of  Mercury  had  been  correctly 
determined  by  the  Mariner  10  radio  science  team,  Anderson,  et  al  (1987^ 
recomputed  the  trajectories  of  the  first  and  third  flybys  These 
-Proved  trajectories  resulted  in  the  determination  of  two  second  degree 

our  lat-P^3™0^103!-  This  new  trajectory  data  has  been  incorporated  into 
our  latest  control  network  computations. 


We  observed  a 0.1°  to 
quadrangle  map  to  the 
longitude  displacement 


0.3  longitude  shift  when  comparing  the  USGS  H-6 
control  network.  This  corresponds  to  a similar 
(0.4°)  noted  by  Harmon,  et  al.  (1986)  between 
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Arecibo 

control 

latitude 


radar  data  and  the  USGS  map.  Latitudes  for  feature^  in 
network  and  the  USGS  map  differed  by  approximately  0.4  . 
shift  was  not  apparent  on  the  1:15  M map  o Mercury. 


the 

This 


REFERENCES 


Anderson,  J-  D • ; G* 
Trager,  "The  Mass, 
71,  337-349,  1987. 


Colombo;  P.  B.  Esposito;  E. 
Gravity  Field,  and  Ephemeris 


L.  Lau;  and  G.  B. 
of  Mercury,"  Icarus, 


Davies,  M.  E.  and  D.  W.  G.  Arthur 
Geophys.  Res.,  78,  4355,  1973. 


■•Martian  Surface  Coordinates, 


Davies,  M. 
Mercury, 


E and  R.  M.  Batson,  "Surface  Coordinates 
j.'  Geophys.  Res.,  80,  2417-2430,  1975. 


and  Cartography 


J. 


of 


Harmon,  J . 
Shapiro, 
Geophys . 


K . , D.  B.  Campbell,  D. 

"Radar  Altimetry  of  Mercury: 
Res.,  91,  385-401,  1986. 


L.  Bindschadler , J.  W.  Head,  and  I. 

A Preliminary  Analysis, 


I . 

J. 


Murray , J - B . , M . J - 
Gault,  B.  Hapke,  B. 
"Mercury's  Surface: 
Mariner  10  Pictures, 


S.  Belton,  G. 
O'  Leary,  R . 
Preliminary 
M Science , 185 


E.  Danielson,  M.  E.  Davies,  D.  E. 
G.  Strom,  V.  Suomi,  and  N.  Trask, 
Description  and  Interpretation  from 

, 169-179,  1974. 


Zohar , S.,  and  R.  M.  Goldstein, 

J.,  79,  85-91,  1974. 


"Surface  Features  on  Mercury, 


Astron. 


584 


CHAPTER  13 


SPECIAL  PROGRAMS 


Center  I For*  th'e '^pace  Sciences^De^ Da*eBann'ster-  P E-  Arvidson.  McDonnell 
Washington  University.  St.  Louis  Missouri" 63l30°f  Ear'h  an<'  Planelar>'  Sciences. 

w^g!rffir and  Processin8  System 

numbei  and  names  of  Director  and  Data  Manager  for  each  IRPS  haT  h addrfs®-  P^one 
that  it  is  compatible  with  the  Planetary  Data  System  (PDS).'  S b des,gned  50 

products  and  information  ^nce  ^ieitaMmf  on  Viking  and  Voyager  missions  data 
missions  were  most  accessible  Vef  on  T K * f men  documentat'on  from  those 
Apollo-Soyuz  Test  Protect Lunar O biter  / l989),  added.  the  APol,°  4'17- 

Mercury  (some),  and  Surveyor  1-7  missions-  ami  j^armer  l'10-  P'oneer  1-4.  Project 
of  IRPS  also  includes  the  Galileo.  cTmiid i ? n £ecent  ^arch  (990)  version 
Orbiter  and  Multiprobe  Project  Merrnrv M£?8f an’  P,oneer  5~ 1 I • Pioneer  Venus 
missions.  Thus,  this  latest  vision  <comP|ete>.  Ranger  1-9.  and  Skylab  1-4 

spacecraft  (except  the  Space  Shuttled  CM  CS  'n  som^  c*eta'*  a^  U.  S.  space  missions  and 
missions.  P P3Ce  Shutt,es)-  as  we"  as  the  data  Products  generated  by  those 

A print  out  of  data  included  in  the  March  1990  version  of  jppq  ho  k .,  , 

a select  group  of  our  peers  Dnrp  tho,,  h • U \ers  on  °‘  '“PS  has  been  mailed  to 

necessary  to  utilize  it  RPIFs  wh°  have  the  hardware  and  software 
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PRECEDING  PAGE  BLANK  NOT  FILMED 


PA6E-£2t_fNTEAiriONAfcLy 


buank 


,Nn  mRXY  WAy  OF  READING  THE  BROWSE  FILES  ON 
™QE  TOYAGER TO  THE  OUTER  PLANETS-  CD-ROM  DISCS  ON  A 

Department  of  Geology,  Su,  Rosa  State  Univemity,  Alpine,  Texas 

79832 

T.  rprpnflv  released  CD-ROM  discs  containing  the  Voyager  information  on  the  outer 
The  recently  released  L can  be  viewed  without  decompressing  an  image 

planets  contain  convenient  browse  . • ■ ^ng  to  remember  the  totally 

to  see  if  it  contains  the  des.red  data^The  mconven  ence  ^ses  ^ ^ image 

“rg“™S  ^e  describesTIimple 

examp, e^uses  ZZSZZZ  SffJKi  - Li, able  in  other  word  processing 
programs. 

Firstly,  access  the  appropriate  directory  of  your  CD-ROM  drive.  In  my  case  this  is  with  the 
command:- 

coming  the  names  of  all  the  files  within  the  subdirectory:- 

Volume  in  drive  L is  VG003 
Directory  of  L:\BROWSE\MIRANDA 
<DIR>  11-03-88  10:50a 

<DIR>  11-03-88  10:50a 

and  the  last  line  of  the  file  which  is: 

Return  torite  top  rf°  £ 5.  - piace  yonr  won,  processor  into  coiumn  mode  if  it  is  no,  a, ready 
in  it  In  Wordstar,  this  is  the  command 

SS  denoting  the  stae  of  the  fiie  on  iine  one  of  the  program 
(in  this  case  the  four  in  43200)  and  type 

ibe  cursor  after  the  ias.  date  which  this  case  is  9-i2-88 

and  type: 

AKAK  (to  mark  the  end  of  the  column) 

Type  AKAY  (to  erase  the  block) 

In  this  case  the  program  responds  with 

Too  large  to  undo  later,  delete  anyway  (Y/N)? 

” ^ me  and  enter  the  find  and  teplace  capahiiity.  in  Wordstar, 

AQA 
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At  find,  type  _I  (where  represents  a blank  space) 

At  replace,  type  .1 

At  options,  type  UGN  (for  upper  or  lower  case,  throughout  file. 

Return  to  top  of  file  and  type  again 

AQA 


replace  without  asking). 


At  find,  type  C 

At  replace,  type  L:\BROWSE\MIRANDA\C 
At  options,  type  UGN 

Return  to  the  top  of  the  file  and  for  the  third  time  type 
AQA 


At  find,  type  G 

At  replace,  type  GAPAMAPAJDISP  DSS  200  DSL  200APAMAPAJERA 
At  options,  type  UGN 

™S  Plac?. a return  and  line-feed  after  the  G of  IBG,  insert  the  line  Disp  DSS  200 

DSL  200  for  displaying  the  image  at  location  200,200  on  your  screen,  and  insert  the  line  ERA, 

" f,^S1"g  the„image  after  11  1S  dlsPlayed.  Some  care  will  have  to  be  displayed  if  the  planet  or 
satellite  has  a G in  its  name  (e.g.,  U_RINGS).  F 

S^rPTMm«P  "7  a C07leted  batch  file  so  save  >>  >"<i  fcave  the  woid  processing  program. 
Enter  IMDISP  and  type  the  command  BATCH  MIRANDA.CMD.  As  the  images  scroll  by 

hs  numterPaCe  ^ ^ ^ “ St°P  St  a flle  yOU  would  like  10  decompress,  and  record 
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JOINT  US/USSR  STUDIES  OF  MAES  LANDING  SITES.  Michael  H.  Carr,  U.  S. 
Geological  Survey,  Menlo  Park,  CA  94025 

n snri l 1 5 1987  the  United  States  and  the  Soviet  Union  signed  an 
0rinrPnn  the  exploration  and  use  of  outer  space  for  peaceful  purposes, 
f^t  US/USSR  w'Slng  Group  was  established  to  oversee  implementation  o£ 

A Joint  US/USSR  "orxi Svstem  exploration.  The  Joint  Working  Group  is 
those  items  concerning  Solar  SV  ^ i and  Dr  V I Barsukov  (Vernadsky 

chaired  by  Dr.  G.  A.  Briggs  (NAS*  «q.  ) “d  1 “ ..Joint  studies  to 

institute).  One  activity  identified  in  the  a^;me%o1Sef£ect  item,  a 

identify  the  most  promising  lading  discuss  Mars  landing  sites.  The  team 
joint _ implementation  team  was |£^  d M Carr  (USGS)  as  deputy. 

is  chaired  by  J.  Boyce  VhT  M*rs  environmental  model  was  included  under 
^^poSibilityoYSe  team.  Normally  the  implementation  team  meets  atthe 
SL^TSSl  Joint  Working  Group  Maeting^and  atjdie  time_  of^e 

SKHmSSm  S.r-  — • 

w-c  ~f»s~  “f 

stations.  Each  has  a be  ^compromise  between  the  desire  to 

choice  of  landing  sites  will  i Y science  objectives.  From  a 

maximize  safety  and  the  desire  me*  , _ites  for  the  Mars-94  balloons  are 
safety  standpoint,  the  preferred  an  9 thermal  inertia,  low  regional 

regions  of  low  altitude  (<  2km  below  datum) , lw  thermal  1^^^  ^ ^ 

slopes,  minimum  blockiness,  'J®” _ "‘L  projected  10  day  lifetime  of  the 

+2km  are  likely  to  be  altitude  constraint 

balloons.  These  conditions  are  high  y in  the  Chryse,  Amazonis 

restricts  sites  to  high  northern  latitudes  «c :ept  in  £***£  south  as 

and  Elysium  Planitiae  in  these  regions  were  discussed, 

10°N.  The  relative  merits  of  differ  Soviets  in  order  that  they  may 

and  the  US  provided  resolution  images  and 

^saicseVa<^  fo^asS  o£  wind  magnitudes  and  direction,  and  maps  o£ 
“evaSin,  block  frequencies,  and  wind  streak  directions. 

Each  of  the  Mars-94  spacecraft  will  daf3l0^\1^n^t“rrcU£centfred 
Preliminary  indications  are  that  I*1®®*  , sujjtended  at  the  center  of  the 

roughly  at  9°S,  9«°W,  and  such  that  “oat  ^ radius  of  the 

planet  by  the  circle  center  and  its  circumference  ^ ^ penetrators 

circle  is  contr°^ pherf®  The  longitude  of  the  center  of  the  circle  can 
into  the  upper  atmosphere.  10  ® .fi  dav  the  penetratators  are 

change  slightly  according  to  the  specific  Pthg  ^ ^ have 

released,  but  the  time  of  day  Jf-A  Jith  0Verlap  of  the  soviet  DSN  stations, 

r =;dfobry  - — «*  *- 

meteorology  stations  have  yet  to  be  determined. 
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. . La!!dl?9/it!!'  f°r  mission  other  than  the  Soviet  Mars-94  mission  are  also 

ng  studied.  The  main  purpose  is  to  accumulate  a data  base  that  can  be  used 
for  mission  studies,  and  to  have  a list  of  sites  of  soecial  ! 

that  they  can  be  more  closely  observed  by  Mars  Observer.  The  science 
omnunity  has  been  queried  for  suggestions  on  possible  landing  sites  and  a 

catalog  of  potential  landing  site  is  being  maintained  by  Dr.  R.  Greeley  at 
Arizona  State  University.  ^reeiey  at 


SoZT*?e\9Trdc  versiT  °,f  a Mars 
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K.“ESS JSK  *““ 

The  Galilean  Satellite  ^olOGicalHapp^Pr^r^asest^Uahed 

by  the  Planetary  ^ «f SUfn^of Goiter:  lo, 

geologic  relations  on  the  fo  ^ ^ is  administered  by  the  U.S. 

Ganymede,  Europa,  and  Callis  • Q investigators  from  various 

Geological  Survey  and  it  evolves  ^JO^ves  ^ ^ United 

universities,  research  ins^ute , originally,  a total  of  24 
States,  England,  Germany,  t''.ap  l0,  and  3 to  map 

researchers  were  assigned  to  J ^5  million  except  for  three  on  Io 
Europa.  The  maps  are  at  hi ah- re solution  pictures  permit 

that  cover  selected  areas  and  1:1  million.  The  production  of 

compilation  at  scales  of  It  Callisto  and  Ganymede  was  added 

1: 15,000,000-scale  global  maps  of  Io,  Callisto,  ana 

to  the  Program  in  1989-  i -raer-Scale  maps,  5 have  been  published, 

Of  the  1: 5,000,000  and  l^g  p undergoing  authors 

1 in  m P«ss,  2 are  in  USGS  editorial  ^iew,^^  ^ 2 have  ^ 

revision,  5 are  in  techn  sc;ie  global  ^ps,  that  of  Io  is  in 

5ISSeStoriaf  reviem’ani  those  of  Callisto  and  Gany«d.  are  in 

progress. 

Published  are: 

Greeley,  Ronald,  Spudis,  P.D., ; Guef ' ^eol.^u^e^isc^Inves^ 

the  Ra  Patera  area,  Io  (Ji2a):  U.s.  ^eoi. 

Map  1-1949.  , Ronald  1988,  Geologic  map  of  the 

GUeSVruhu!r^dUt  Ganymede  » 0...  W Survey  Misc. 

„oore,Tj“  lS8I,I^4ogic  map  of  f ^aasWatera  area,  Io  «Ji2c„ 

U.S.  Geol.  survey  Misc.  I^^t’G^0gic  map  of  the  Philus  Sulcus 

Murchie,  S.L. , and  Head,  • •'  ' s Geoi.  Survey  Misc.  Invest.  Map 

quadrangle,  Ganymede  (Jg4):  U.s.  oeoi.  oui.  y 

I-1934‘  o U anrt  Tree lev  Ronald,  1989,  Geologic  map  of 

Schaber,  G.G. , Scott,  D.  •'  (Ji2)-  U.S.  Geol.  Survey  Misc. 

the  Ruwa  Patera  quadrangle,  Io  (JiaJ). 

Invest.  Map,  1-1980. 

In  press  is: 

Whitford-Stark,  J.L.,  M°uginis-Hark^  ?£., j^^s/ceol.  Survey  Misc. 
of  the  Lema  region  quadrangle,  io  l 

Invest..  Map  1-2055. 
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SITC  FR0GRSMS  STATUS  (1,500.000  scale) 
ott'  U'S-  Ge°logical  Survey,  Flagstaff,  AZ  86001. 

The  Mars  Geologic  Mapping  (MGM)  Program  was  introduced  by  NASA  in  1987  , 

new  initiative  in  the  Planetary  Geology  and  Geophysics  (PGG)  Program 

studies  that'Ld*”  mappin^  ProGram  is  to  support  research  on  topical  science 

— 0»  ? 

“ 500ln000S  scVle9  d°At  The^l  Tran!v“=«  M™)  photomosaic  bases' at 

i.duu,uuu  scale.  At  the  close  of  FY1989  more  than  20  investigators  wptp 

these^n^9  ln.the  geologic  mapping  of  some  50  Martian  quadrangles-  5 of 

Process  1 In Tddfuon^o  ***  coordinator  **d  technical  review 

Llf  In  adoition  to  the  on-go  mg  geologic  mapping,  about  40  new  areas 

have  been  prepared  and  approved  for  new  MTM  base  map  construction. 

scale^^areas  °rgfnizfd  ^eoloGic  mapping  program  at  1:500,000- 

are  considered  to  be  candidate  science  sites  for  a Mar«* 

P^grLr<  A? present”  a*  als°t.being  directed  by  the  project  chief  of  the  MGM 
? ‘ \ present.  8 investigators  and  14  map  areas  are  included  in  this 

Slpfare  in  pre^s1  “*  C°”'Plet<!d  *"  FY1”1'  °£  «“  *='«"«  2U 

thA  r,l0gr±CrPS  r‘esultlnG  from  both  of  these  programs  will  be  published  by 
the  U.S.  Geological  Survey  as  Miscellaneous  Investigation  Series  I-maps 
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PLANETARY  NOMENCLATURE;  M.E.  Strobell  and  Joel  Russell, 

U.S.  Geological  Survey,  Flagstaff,  Ariz. 

ft  detailed  ---"cri^^ 

nomenclature,  by  Mary  k . Raymond  Batson  and  Ronald  Greeley 

ta «-  »«  x**. 

About  100  names  requested  by  g«°l°9i=« '£££  Er'lIST^T 
features” are  she*’  o^tTe^gellan  Planning  Chart,  pubUshed  in  late 
June,  1989. 

Nomenclature  for  about  half  of  the  ^ps^that  ^e^J°shers  m* 

Atlas  of  the  Solar  System  has  been  completed  for  maps  of 

Tucson,  Arizona.  To  date  nomenclature  has  ““^1satellites,  me 
Mercury,  the  Jovian  satellites,  five  oi  tne  a 

satellite  Phobos,  and  five  Uranian  satellites. 

i-h»  series  of  1: 500,000-scale  maps  of  Mars.  As  the 
Work  is  continuing  on  th  cronaflex  becomes  available,  an 

mosaic  of  each  maps  is  completed  and  a cronaflex  d ^ ^ geologist 

ozalid  copy  showing  the  adopte  nal  features  that  he  wants  to  have 

compiling  the  map;  he  inca  features,  and  the  names  are  proposed  to 

ss-“  ~ “ 

ssrs. “i“  -tx: £!£;”■•  ss 

also  be  included  in  the  Solar  System  Atlas. 

Mt#11Ues  Triton  and  1989  N1  (provisionally 
Nomenclature  for  the  Neptunian  satelli  ^ process  of  being 

named  "Proteus")  has  **en  S^es  for  features  on  these  satellites 

Snf  to  th.  planetary  community  as  soon  as  they  have  been 

finalized. 

The  Gazetteer  of  Planetary  Nomenclature  is  in  the  final  staqes  of  editing, 
it  will  be^ submitted  to  NASA  for  publication  in  1990. 

Also  in  1990,  nomenclature  mill  ^/’CSoTtSU^  Tn  also^ 
maps  of  Earth,  Venus,  “iMY£aps.  ft  voluminous  new  nomenclature 

published  separately  as  USGS  I onPVenus  discriminated  by  the  higher 

is  expected  to  be  neede  ^ Magellan  spacecraft.  Some 

additional  no^nclature’wiU  probably  be  requested  by  geologists  working  on 
maps  in  the  1: 500, 000- scale  series  of  Mars. 

In  the  past,  much  of  the  work  of  dhoosing^d  ^"^rfup  ““r 
was  done  by  Harold  Masurs  y,  However,  Masursky  retired  last 

Planetary  system  Nomenclature  continues  as  Co- 
year. Although  he  has  Scientist  Em  triennial  meeting  in  1991, 

President  of  the  Working  Group  until  the  IAU 
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he  expects  to  take  a greatly  diminished  part  in  Working  Group  proceedings. 
His  assistant,  Mary  Strobe 11,  also  retired  in  1989  but  will  continue  to 
support  the  nomenclature  effort  through  June  1990.  Much  of  the  development 
of  new  nomenclature  will  now  be  done  by  chairmen  of  the  IAU  Task  Groups  for 
each  planetary  system;  names  proposed  by  the  Task  Groups  will  continue  to 
be  ratified  by  the  Working  Group,  now  directed  by  its  Co-President,  Dr. 
Kaare  Aksnes.  Flagstaff  will  continue  to  manage  and  distribute  copies  of 
the  master  nomenclature  file  of  adopted  names  and  all  ancillary  files  of 
provisional  names,  as  well  as  "name-bank”  files  of  appropriate  names 
reserved  for  future  use.  Flagstaff  will  also  communicate  (largely  by 
computer  mail)  and  coordinate  the  nomenclature  effort  with  IAU  personnel. 
New  programs  are  being  developed  for  an  updated  digital  filing  system  and 
for  a new  planetary  geographic  information  system  that  will  call  up 
specific  planetary  features  on  a computer  screen. 

Except  for  requests  for  features  to  be  named  on  1 : 500,000-scale  maps  of 
Mars,  all  matters  pertaining  to  nomenclature  should  be  addressed  to  the  Co- 
President  of  the  Working  Group  or  to  the  appropriate  Task  Group  Chair: 


Dr.  Kaare  Aksnes,  Co-President,  Working  Group  for  Planetary 
System  Nomenclature 
Institute  of  Theoretical  Astrophysics 
University  of  Oslo 
P.0.  Box  1029 

Blindem  0315  Oslo  3,  Norway 

Dr.  V.V.  Shevchenko,  Chairman,  Lunar  Task  Group 
Sternberg  State  Astronomical  Institute 
Moscow  University 
Leninski je  Gory 
Moscow  - 234,  U.S.S.R. 

Dr.  Mikail  Ya.  Marov,  Co-Chair,  Venus  Task  Group 
Chief,  Department  of  Planetary  Physics 
Institute  of  Applied  Mathematics 
USSR  Academy  of  Sciences,  Musskaya  Square  4, 

Moscow  A-47,  U.S.S.R. 

Dr.  Harold  Masursky,  Co-Chair,  Venus  Task  Group 
U.S.  Geological  Survey 
2255  Gemini  Drive 
Flagstaff,  A Z 86001  U.S. A. 

Bradford  Smith,  Chairman,  Mars  Task  Group 
Department  of  Planetary  Sciences 
University  of  Arizona 
Tucson,  AZ  85721  U.S. A. 

Dr.  Tobias  Owen,  Chairman,  Outer  Solar  System  Task  Group 
Institute  of  Astronomy 
2680  Woodlawn  Dr. 

Honolulu,  HI  96822  U.S. A. 
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CHAPTER  14 


LATE  ABSTRACTS 


PRECEDING  PAGE  BLANK 


mot  filmed 


PA6E_j£^ — INlTNTlOMtiV 


ORIGIN  AND  EVOLUTION  OF  TRITON  AND  PLUTO 

Sciences  «>d 

and  Steve  Muebec,  Depart 
Tritons  ice! rock  ratio 

^SSSSSSkSsSSS2^1  ^ ™u' ” 

rock  mass  fractions.  Pluto  1 and  Pluto  2 mark  rhp  d—  „f  Vr/  a of  hydrous 

Pluta-Charon  system  as  determined  by  Tholen  and  Buie  0 987)1^0  9^^*  denSlt^  °f the.. 
predicted  that  Triton  should  fall  within the SdreS  if ,>”11  . (1?8S*  ^P^tively.  We 

composition.  Triton's  density,  detained  by VoyaS  Sm 

density  of  Pluto-Charon  (Tholen  a^d mUtUal  event  Solution  to  the 
there  remain  systematic  uncertainties  due  n ££  formally  very  well  determined,  but 
the  calibration  of  the  overall  scale  of  the  Plmn^-Ph  °S^  ^ lot  et  a ^ 1989)  and  in 

speckle  imerfen^bm  ihT^fdeS^SSe 

the  models  at  the  left  end  of  the  figure  were  calculated  with  in ' terms : of  anhydrous  rock, 


CEDING  FAQL  LiLAMK  NOT  FILMED 
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h i £f«  r iQUAtj  v 


present  would  be  anhydrous  and  than 

-ria,.  Sne  me—  for  productng 

this  loss,  impact  jetting,  is  discussed  below. 

Impact  jetting  of  voter  ice  - Application  to  the  accretion  oficyplooe.esi.ais,  Plato,  und 

’'^Jetting  can  occur  dtring 

^cSr^)elfje^ 

vaporization  occur,  upon  relea  P . j 5 3 km  s-1  required  in  head-on  collisions, 

s-i,  respectively  much  less  clplete^nelting  during  jetting  at 

Uncertainties  in  the  shock  e^u^^'°_:Sta5>  ^ iet  SDeeds  exceed  impact  speeds,  often  by  a 

relative  velocities  as  low  as  1.2  km  s-1-  Because  J pe«js^  ^ few  [qq  km  jn  radius  there 
factor  of  several,  during  the  accreuono  ^ ^ ^ ^ accreting  body  is  large  enough 

may  be  a significant  loss  of  icy  ■ ure  ice  in  comp0sition,  and  especially  true 

to  differentiate  so  that  its  surface  layers jar* ^ c P izes  ^ obliqueness  of  the  collision.  I 

if  bodies  of  comparable  size  are  invo  > collision  (and  not  vaporization)  that  may  ac- 

suggest  that  it  is  jetting  during  a Ch^on-forrm  g the  C/Q  ratio  of  the  solar  nebula 

count  for  Pluto-Charon's  re'ativelt^  ratio  of  outer  solar  nebula  condensates  by 

turn  out  to  be  too  low  to  sufficiwdy  raise  ^erwfe^e^atK>^o^  Triton.$  high  density, 

formation  of  non-condensable  ( Pluto-Charon,  is  consistent  with  a solar  nebula 

«-«-  - to  may  havc  ta“ lower  as  welL 

A meets  of  Triton's  post-capture  thermal  history  . . . . , 

A captured  Tritou  would  likelj ’ rtSl  solution  is 

shrunk  by  tides  raised  on  it  by  Neptur>e  ( Benner 1990).  The  simplest  model  of  the 

an  important  quantity  to  estimate  (McKinno  B<r  c throughout  its  orbital  evolution, 
dissipation  of  tidal  energy  as! >u™s  ‘hat  S is  the 

with  a constant  QJk,  Q is  the  tidal  lPatl^n^r£Srm  sdid  rock-ice  body).  Such  a 
potential  Love  number  (assumed  to  beaPP^lon gated  elliptical  orbit,  extending  to  the  edge  of 
model  predicts  that  a Tnton  with  an  ex  y g Jj  inward  and  have  its 

Neptune's  gravitational  sphere  of  influence ^^^011^  estimated  in  McKinnon 
orbit  circularize.  This  time  scale  is  ( ) . near  ^750  km>  and  (2)  much  longer 

(1984),  because  Triton's  radius  was  then  tl?°“?bt  . system  (~500  million  years), 

than  the  estimated  duration  of  heavy  cratenngy^  ^ ^ the  era  of  heavy  cratering. 

Thus,  the  "new,”  smaller  Tnton  cou  heavilv  cratered  terrains  seen  on  nearly  all  of  the 

and  it  could  be  predicted  that  little any  . Voyager.  Such  simple  models  cannot  be 

other  icy  satellites  would  be  observed  on  TInn’7nrhital  energy  is  dumped  into  the 


inu5>,  iivw,  f r tue  heavilv  cratered  terrains  wu  v — 

and  it  could  be  predicted  that  little  y Voyager.  Such  simple  models  cannot  be 

other  icy  satellites  would  be  observed  on  1 J f J Aitaj  energy  is  dumped  into  the 

correct  in  derail,  however,  bec«B^mu* once  tidal  evolution 
satellite  that  it  must  melt.  We  detente  how  It  cease$  (assuming its  ongtnal 

starts,  that  is,  after  the  capture  colhs  differentiation).  Triton  is  so  rock-rich  that  it  is 

aceretional  heating  has  not  already  ' mgg  ^ or  differentiate,  spontaneously,  due  to 

by 

m ed8e  of  Nep,une's  sphere  of 
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atlrag^o^  passes  close  .o  Neptune  is,  time- 

unlikely  that  melting  can  be  significantly  dehySi ^ OnlvTr"1  ^ Therefore.  “ is  very 
be  put  off,  perhaps  -100  m.y.  The  best  estimate  fc • T ton  is  raptured  cold  will  melting 
the  onset  of  melting,  differentiation  is  partially  self  sustnW  °n  W1l  be&‘n  to  melt  promptly.  At 
unmixing  is  approximately  30%  of  tha^S  fnm^if?  !"8-35  the  gravitational  energy  of 
dramatically  once  melting  commences  SSttoSS ti^T  * l™'  Dissipadon  increSes 
temperatures  is  shorter  than  the  effective  riHalS-  I water  ice  at  near-solidus 
many  transient  and  dissipative  multiphase  reeinnc^e  al -perihelion,  unmixing  creates 

diapirs),  and  the  opening  up  of  an  internal  ocean  allow*  £ !Cendlng  sIush  and  descending  mud 
is  a differentiated  Triton  in  under  10?  yr  (and  possb^m!  t0  ,ncrf  se.substantially.  The  result 
approximately  350-400  km  deep,  capped  by  aX. 12  CSS)’  ^th  3 liquid  water  ocean, 
a rock  core.  Continued  tidal  heating  Kecorecaus^ir^^; Condactl ve  ice  shell,  overlying 
ultimate  tidally  heated  configuration  for  Triton  k nSl  ! ? ^ U?  3nd  melt  as  wel1-  The 
tops  a hquid  water  mantle,  and  thin  rock  shell  molten-  A thin  water-ice  shell 

core  of  liquid  iron-sulfur,  but  no  iron  shell  iS  1,quid  u-  1C,ate  core;  there  may  be  an  inner 
as  has  been  discussed  previously  (McKinnon  1988?°  A™  °rb,lta  evolution  slows  considerably, 
hot  for  an  extended  length  of  ti4 dealer Zi  IS  moIten  Triton  may  stay 

model  of  tidal  heating  above,  it  is  predicted  that  Trif™ dji°n  yrare.  Thus,  as  with  the  simple 
record  of  heavy  cratering.  The  genlntrioai  a should  not  have  retained  any  early 

heating  (Smith  et  al.  1989).  Whethertidal  heatin^t/™"1  Trii°n  is  consistent  with  massive  tidal 
;ly  cmered  terrains  depends  on  Se^mp^S  l **  absence  of 
If  there  is  a crust  of  lower  melting  point  ices  greater  rhanZf  (,Mc^!n"on  and  Benner  1990). 
volcanic  and  other  activity  can  probably  destSv  anv^  feW  k™  thlck’ then  continuing 

intents:  Meteontic  and  solar, 

l h w— ■ - 

,0  ,he  “ of  icy 

Planet  Sci.  XXI,  777-77%'  ' nton  s post-capture  thermal  history.  Lunar 

McKinnon,  W.  B.,  and  S Mueller  m *.  ♦ 

in  the  solar,  not  a planetary,  nebula  Nature COmposition  suSS^t  origin 
McKinnon,  W.  B„  and  S Mueller  H98Q? -Sf  J ’ 24(™3: 

Res.  Lett.  16,  591-594  ^ )•  ThedensHyof  Tnton:  A prediction,  Geophys 

(,989)'  ^°^a®er  ^ aI  Neptune:  Imaging 

T^9  Di;“„d  Si  Circumstances  for  Piu, Aharon  mutual  events  in 

observations'1— ^989.  ".utual  event 
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CRATERING  OF  THE  URANIAN  SATELLITES 

William  B.  McKinnon,  Department  of  Earth  ^ 

lhe  Space  Sciences  and  Kevin  R.  Housen, 

Planetary  Science  Insmute,  2421  E 6th  St  tnc  Seattle,  WA 

Shock  Physics  and  Applied  Meehan, cs,  MS  3H-29,  Boeing  Ae  p 

98124. 

nte  study  of  impact  craters  and 

beneftted  greatly  ^ >he  d"a  ^“efol,owi  is  a summary  of  our  tecent  revtew  paper,  whtch 
and  interpretation  of  this  da  . « . Series  volume  Uranus . 

appears  in  the  University  of  Arizona  Spac  satellites  of  Uranus  and  Saturn  are 

Simple,  bowl-shaped  craters  on  the  mtdd The  best  explanation  is 
shallower  than  simple  craters  on  the  te^^1J)ecause  the  coefficient  of  friction  of  ice  is  less 
that  the  breccia  lenses  of  icy  craters  are  ^ ^ laK  lhe  possibility  that  the 

than  that  of  rock  (this  promotes  greater  in  i density  to  cause  the  excavation  to 

presumably  dominant  impactors,  co  , created  by  the  gravitationally  driven 

be  intrinsically  shallow.  Complex  craters  - tto* ^createdby  ^ ^ dominated 

modification,  or  collapse,  of  craters  a ove  a ce  dites  Only  for  the  largest  craters 

structurally  by  central  peaks  on  the  become  significant.  On 

observed  on  these  satellites  do  nm  to  widen  significantly 

these  satellites  complex  craters,  except  fo  g > ^ depth-diameter  relations  is 

compared  with  their  transient  forms,  an  tee  rapidly  than  complex  craters  do  on  the 

such  that  they  become  deeper  with  increasing  size  more  rapidly 

Moon  or  other  terrestrial  planets.  , craters  on  icy  satellites  based  on 

We  present  more  realistic  scaling  relauons  for  the  sanK  law 

these  new  observations.  Most  complex  craters  on  and  CaUlsto  is  a 

used  for  simple  craters.  Only  for  large  era  ers  and  widening.  Even  here,  the 

scaling  necessary  that  explicitly  takes  into ’ a°““' ^ (han  we  havc  advocated  in  the  past, 

formula  we  recommend  is  closer  to  simp  satellites  of  Uranus  are  consistent  with 

Observations  of  central-peak  transitions  on  model  that  predicts  this 

those  measured  for  the  satellites  of  Saturn  an  upi  e craters  are  not  observed,  except 

transition  is  close  to  an  inverse  observations  at  Saturn, 

possibly  for  the  very  largest  craters,  and  this  is  a satellites,  so  the  difficulty  of 

Ejecta  blankets  and  rays  are  definitely  observed  on  ^^  retntion  of  ejecta  on  low- 

observing  them  on  the  Saturnian  satellites  les  no  w ^ morphoiogical,  albedo,  and  color 

Sn" 

— CraterS  °n 0ber°n’  P°SS,bly  rdated  t0 

some  type  of  "carbonaceous"  volcamsm. 
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compared  to  feh  craters  of  a"°mal“us|y  shadow 

implied  effective  viscosity  areues  for  rf  * 15  “*  vlscous'y  rclilxed.  then  the 

ammonia-water  ice  More  sTen  fan  T"?  Water  **■  P-*** 

removal  process,  and TuTa S oh  7 "°"  ™y  haVe  been  an  ™Portan,  crater 

some  featm^whose  Stifeas  ZZ  2?““  °"  7"  °f  "*  Ur“ian  *«'*'*■ « well  as 
Uranian  satellites,  there  is  no  ohvioT  "T  fix>m  ,ma,ive  t0  On  the 

due  to  very  large  impacts  with  the  °8,cal  evl(Jence  for  catastrophic  effects 

given  the  relative  sire  of  the  aattr  „7,  eXCeP,‘°n  °f  Miranda'  ™s  may  be  surprising 

imaged  Saturn  systim^uT^Tn^Tr ‘° S“Ch  effects’ 35  calibrated  from  the  better 
Tethys,  we  7 tad  “ 

a crater  with  a diameter  equal  to  the  satellite  radius  ? ° & W°Uld  b'  rc0r8a"ized  by 

popu^iT^TolTsS;:;  terd  ,o  :“n8  ,he  ^ °f  - «— 

published  counts  by  various  investigators,  ZZZZZZLZZT™  dK 

Miranda.  However  the  various:  ™ r ' •,  ^ tama  and  the  cratered  terrain  on 

defined  a U raS-llZ  "77  " ' 0bOT>n  and  UmbM'  **** 

systematic  errors  (these  satellites  w 7®^ lnvesngators- are  consistent  given  plausible 
counts  are  Fmhanm'-  *he  <*»»  and  Umbriei 

close  ,o  -3  ^rrKsrr  t?-*”  *■» 

but  we  are  „”rced Z E a “T0™5  ^ 3 som™hat  sha"0™ 

different  from  Rhea's  when  scaled  ^ S C™r<'d  “™">  Population  is  no,  that 

becau^C may  deSClibed  “ “ Uranian  "Population  II," 

as  caused  by  viscous  relaxation  (as  on  Ariel!  C ^ '°  “ Preferent|al  loss  of  large  craters,  such 

y,  reputation  II  may  be  a planetocentnc  population  possibly  derived 
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from  ,arge  cratering  events  or  the  common. 

catastrophically  fragmented  P ig  evidence  for  a relative  lack  of  craters 

population  at  large  diameters  (>100-200  )•  power-law  slopes  steeper  than 

idle  ~ 1 50-km-diameter  range,  corresponding  to  increme"^  ^ated  by  Shoemaker  and 
-3,  which  lowers  the  probabilities  for  at  still  larger 

co-workers.  However,  the  production  popu  heavily  cratered  middle-sized  satellites  of 

diameters,  which  means  the  crater  surfaces  saturated  many  times 

Uranus  and  Saturn  could  be  in  "saturation  eq^mum.  their^su  ^ ^ ^ ^ 

over.  Scaling  directly  from  the  observ  era  e Really  fragmented  Miranda, 

bombardment  that  formed  Oberon's  craters  probably  c § consideration  is 
We  address  the  scaling  of  catastrophic  Two  regimes,  a 

given  to  the  roles  of  gravity  and  strain-rate-  ^ functional  dependencies  of  the 

gravity  regime  and  a strength  regime,  are  ei  . on  O*  on  impactor  velocity,  U, 

Lshold  specific  energy  necessary  or  ««£ functio„  of  „ 
and  target  size,  R,  are  denved  for  each  In  all. eases  U »>  J an 

because  higher  verities  are  less  effietent  a ^"^relsion  f^'^g.h  regnne, 
increasing  function  of  R due  to  gravitattona  model  Q*  decreases  slowly  with 

of  velocities,  0.2-20  km  , ZV  it v regime  should  occur  for  (icy) 

considered.  The  transition  from  the  Uranus  are  all  gravity 

satellites  in  the  10-50-km-radius  rang  . Vovaser  could  be  affected  by  strength,  but  for 

dominated;  the  smaller  satellites  iscove  . drain-rate  dependent.  Our  threshold 

all  but  the  smallest,  only  if  the  fracture  o ice : tsno^  cK  would  producc  in  an  infinite  half- 
disruption  scaling  also  predicts  the  era  er  d s rall0  tums  out  to  be  a constant 

space  target.  Hie  threshold  smaller,  suength- 
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^MeSYanTwTBEMMKATER2Al  FR°M  A G,ANT 

Ld,Maniy’U.?rersityof  Arizona,  Tucson  Az  85721  2^lcKinnon  • Lunar  and  Planetary 
cDonnell  Cen.erfor  <he  Space  Science, 

BSBS§§^SS:  S£S||S= 

T ‘k  4?" SaEma,ion  of  °Pik  O' m.  A brief 

impact*’ 

oftte  SotaraSvs’t°lhetiCal  P'anet  “*  si«and  dSS^rfgS^.'P** ,°- 25  Md  2 k^ec  foj 
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much  Mgher  pe^ntage  oHhe^'ow^ejecta  as^U^  eJ«t^ro^othwepl^iIeteS.tI^ie>o^herSten^s-' 2 

Summary-Ejections  from  the  Solar  System 
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3 = Earth,  4 = Mars 

Figure  1:  Summary  of^tions  The  materiai  from  these 

trial  planets  are  very  poor  at  ejecting  materjf  , . t exclusively  by  Jupiter  or  Mercury, 
planets  that  is  lost  from  the  Solar  System  is  eject  ost  e .y  yf  he  Earth  show  the  same 

P Both  runs  using  the  hypothetical  planet  with  the  size  Solar  System  at  both  run 

basic  result.  Over  90%  of  ejecta  fror^  th.is  Pla  in„  up  its  OWn  material  than  is  Mercury  but 

speeds.  This  planet  is  shghdy 'more  effect  is  probably  due  to  the 

the  difference  is  not  striking.  The  reason  ior  Mercury’s  highly  eccentnc  orbit, 

encounter  velocity  changing  substantially  at  dif  p particle  and  planet's  orbit  and  the 

Our  code  randomly  choses  the  ar guments  3*3“  ounter  velocity  from  celestial 

anomaly  where  the  two  orbits  intersect,  by  Opik's  (1976)  equations, 

mechanics  rather  than  from  the  average  encou"te  „e’°  Lfc,es  were  ejected  by  Mercury  and 
Indeed,  when  we  reduced  Mercunt'sKcrmmeU^oO  “ by  aJsingle  interaction  with 

virtually  all  reaccreted  to  Mercury.  Note  that  pa  J ? number  Gf  different 

^ ^ ^ into 

orbits  that  crossed  the  other  planets.  „niaue  ability  to  eject  its  own  material  without 

These  calculations  show  that  Mercury  has  the  unique  amn^  w j a iant  impact  as 

significant  reaccretion.  Indeed,  if  Mercury  sanoma  majority  of  the  material  would  be 

argued  by  Bena  e,  al„  our  calculates , itri*a«  the  plausibility  of 

removed  from  the  Solar  System.  Ourcalculat  density  Vie  calculations  also  permit 

depletio^o^Mercu^  ^rSe  "Yfeatures^sem^witfTM^ 

f“nher  re“ and 

testing  of  the  code  and  its  application  to  the  these  sate  he  sy  benz  w Sla(ter>.  w l„  and  Cameron,  A. 
REFERENCES:  Arnold.  J.  1965.  Aslrophys.  I , t41,  1536-  ® Melosh,  H.  1,1989  LPSCXX  Abstracts, 

^UonT4p.5K16  flf4. 

Union,  ?4  ^'Vu73:  Tonks  and  Melosh,  1990  in  preparalion.;  Welhenll, 
G W.  and  Cta^n  C R.  1988*  in  Meteorites  ani  the  Early  Solar  System,  pp.  35-67. 
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AZ  (L—  and  Planetary  Ub,  University  of  Ariaona,  Tucson, 

«“ ‘TSJftW  r ff**  ™ass  lying 

vdS?5yik"8  abnosphererai^Xr£Twy  "f  S“m  °f  <*^<*SX 

minimum  impactor  mass*  Jhe  overlying  atmospiLe^s^ost* fr^tfie  E[  ^w"  Mars  escaPe 

mm§F^ mm 

10  the  highest 

para's  SSiST  ^a&SSTa^^E 

generated  gas  m*  equal  to  M,p  3 4 x 1 01 3 kg  J f M,P  rK)u,rcs  a mass  of  impact- 

cratering^ux  ^sVnmpactor  nuss  ^td  dme,  Ncum(m,0^  ***  « session  for  , be 

Ncum(m,t)  = a^l  + Be~A(t+4-6)Jm-b 

where  a = Ms  y in-23  . h -> 

a^fPLric^mTssMXtiS  4^*”^  ^quaHo  the  Assuming 

xm  . / Matm  with  time  is  ,wn  r,?  “ ’ e rate  of  change  of  the 

4-5  Gy‘rP,„Sfi„SS^e  fr°m  t"e  P-aentLe  U%^ H^J 
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where 


-4.6* 

d1 


il  fb 


U = 


(**Ll\ 

2nab(RH )!  \ 


g ) 


".  js.'ss  ssre "rff  isa%aSH5s 

a mosphere  and  redo  the  blow-off  required  increases  by  about  an 

S remains  nearly  the  same;  the  "'XJS^tatTneSy  equal  to  Mtp  for  impact 

fcs  » SSBK»-.  p-ssure  was  no,  as  gma, 

[Vickery  and  Melosh,  1989].  , . rnncider  only  the  effect  of  impact  erosion  on 

It  should  be  noted  that  these  calculate  . nrocesses  that  may  have  affected  both 

Mars'  atmospheric  pressure  with liquid  water  were  stable  at  the  surface  of  Mars, 
the  atmospheric  pressure  and  ^emisffy . Jj  from  ^ atmosphere  on  time  scales  o 

sonrccsof resupply. e.g.lCarr,  ,989,. 

REFERENCES 

Carr,  M.  H„  Recharge  of  the  early  atmosphere  of  Mars  by  ^.-induced  release  CO 
MeS7S  V ‘and2 A.  M Vickery,  Atmospheric  Erosion  by  High  Speed  Impact  jecta,  , 
Melosh'  «T  and  A.  M.  Vickery,  Impact  erosion  of  the  pnmordia,  atmosphere  of  Mars, 

saa  & sffia  yyssrs,- K-  p“  * cas; for ; wet'  Z 

s:nAe  My  by  ,mpac,s;  E 

dense  atmosphere  on  Mare,  EOS,  7 - ’ AtmoSpheres,  Icarus,  68,  87-98,  1986. 

Walker,  J.  G.  C.,  Impact  Erosion  of  Plane  a^  P and  High-Temperature 

Zel'dovich,  Y.  B.  and  Y.  Press,  New  York,  1966. 

Hydrodynamic  Phenomena,  464  pp.,  Academic  rres  , 
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JETONG  ano  toe  origin  of  tektites 

A.  M.  Vickery,  Lunar  and  Planetar  Laboratoiy,  Universily  of  Arizona,  Tucson,  AZ  85721 

fields  extend  hundred^to^^ouLnds0^  kilomM  sul>'iecl  for  many  years.  Tektite  strewn 
problem  of  propelling  molten  ma,ena,  ThrouSe  earJhTf  and  the 

into  a fine  mist  (1)  led  a number  of  invest  Jrc ^earths  atmosphere  without  disrupted  it 
tektites  (2,3).  A large  amount of  geSS^  an  extra*rrestrial  origin  for 

tektites  were  produced  by  the  (presumable  impact  ^ducedfm^61"’  S?°ngly  suggests  that 
(4),  and  most  people  now  believe  that  the  terrestrial  -me  ^ing  °f  terrestnal  sediments 
beyond  a reasonable  doubt  (e.g.5)  The  most  widelv  rifpH  gm.of  fekt‘tes  has  been  proved 
is  jetting  during  the  early  stages  of  impact  alth™  Jh 5?  mefhanism  for  tektite  production 
jetting  with  regard  to  this  problem  (1)  concluded  thaf  thp  C ^ PJeuVIOUS  dynamic  study  of 
The  problem  is  compounded  by  the  evidence  from  ftf  WOV  d brea^  UP  into  a fine  mist, 
characteristics  of  the  australites  which  ctS,  f the  pnmary  shapes  and  ablation 

(implying  extremely  low  differential  pressures)^? h***  ^ solidified  as  spheres 
atmosphere  from  above  (2).  P Ures^  and  subsequently  entered  the  earth's 

extended  to  the  case  of Ae^mp^c^of^sphere11^  °f  thjnr  plates  (6'10>  was 

the  vertical  onto  a half-space  (c.f.  1 1)  The  taneent  to  th^7  h P3Ct  Su>e?d  ^ and  an8^e  a from 
assumed  to  coyespond  to  the  upper^^^^ag^  ;he  lcf us  of  intersection  is 
There  are  two  frames  of  referencethat  iZi!i  , f the  to  the  lower  plate, 
frame,  the  two  plates  converge  with  equal  and  on^^  in,jetting  studies:  In  the  standard 
Plates,  the  jet  is  directed  along  S bisector  of  VP  P^^ular  to  the 

locus  of  intersection  P moves  forward  as  the  dates  ,n8  C 2°  Tbetween  the  plates,  and  the 
(kb,  (7-9),  where  ecri,  is  a f»nct£Jrft“^ £t te,ln«  wi»  occur  if  e > 

V.-jyiri  — f COS  e \ 

X ^TcSr^e  piSs;h° :E:ic  ™Kriai  * ^ «—  « . 

m this  frame  vj  = fv«  ~ v romk^  a l nPw  statl°naiy  intersection  P.  The  iet  velocitv 
gives  the  rate  at  which  material  is  fedtito  the  iet° iTadd  V °nftheK  jet  width  (10)  essentially 
^current  problem  requires  the  target  framed  whJhfT"  t theSP t0  frames  of  reference, 
and  the  convergence  velocity  depends  on  both  W ha,f‘sPace  is  stationary, 

(the  degree  of  penetration  of  the  SDhere  intn  th*  t,  if  pact  and  tbe  current  geometry 

■he  ejection  verity  '?<*% *" this  frame fe 

denved  to  translate  from  the  target  frame  to  fh^ft  rl^f y unknown-  A vector  vt  is 
assumption  of  differential  slip  withfn  the  f™™e>  which  quires  the 

is  then  applied  in  reverse  to  to  get  the^e^vdc^it^n  ^f  ^ f?))’  translation  vector 
along  the  bisector  of  the  angles  between  the  convemino^Jf^1  franie  Vj ; vj' 1S  not  directed 
the  center  of  impact.  Similarly,  the  relation  between  the *7 1S,r  directly  radial  from 
an  estimate  of  the  mass  flux  into  the  jet.  Because  ieitini^861  and  coU.lslon  frames  permits 
target  contribute  different  amounts  of  mass  to  the  jet  8 1S  asymmetnc> the  projectile  and 

a piece-wise  linear6 shrck  veSy^  using  the  method  of  (12)  using 

assumed  that  release  from  prepares  o/ 7 3x1^  S °f  St3tC  f°r  °livine-  Jt  wa^ 

elevation  and  azimulhal  ejection  ang,eS,  and  project  fSn 
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time  Mass  averages  of  these  quantities  were  caiculated  for  each  timestep  and  for  the  entire 

duration^of  jettui^t,.^^  ^^j^g^^^j^^nT'in^Ive^^mpMto^wtih^adius^OO^m 

Of  .5, 20,  and  25  hm/s  and  impact  angies  ranging 

from  0°  (vertical ) to  75°  in  15°  mcreme^  were  us^  . increases  with  impact  velocity 
RESULTS:  (1)  Overall  Mass  Averages.  The  toted  mas , jettea  me  for  a = Q ^ then 

(UO  and  decreases  ^se^mOTe  pronounced  at  lower  Uj.  In  all  cases,  vai>or 

increases  for  a = 75  . The  increase  is  p Overall  jet  velocity  increases  with 

dominates  the  jet,  most  strongly  at  h^  vCr  strong v dominates  axcept  at  a = 75°.  The 

with  increasing  a.  In  general,  the  me., 

fraction  is  more  concentrated  downrange  o^et  of  jetting  and  declines  more 

(2) Time  Dependence:  The  mass  flux  ts  ^ ei(hcr  leve]s  off 

rapidly  for  more  nearly  vertical  mScraSighdy  Wore  a final  decline;  this  effect  is 
or  goes  to  a local  minimum  and  then  increases  g y similarly  the  jet  velocity  is 

less  pronounced  at  higher  impact  velocttm®  ^ initiai  velocity  and  the  more  rapid 

with  increasing  obliquity  and  with  time  a,  a 

given  obliquity. 

APL1CATION  TO  TEKT1TE  FORMATION:  ^"'jelTs 

suggest  that  for  reasonable  asterotdal  imp  „ e]erate  a significant  volume  of 

produced  that,  as  i,  expands  ad, abatically,  w engulf  and acetone * thus  ^ 

ambient  atmosphere  away  from  the  milten  jet.  The  fact 

into  a much  ratified  ambient  atmosphere,  supp  K,  one-half  projectile  material, 

that  the  jetted  material  comprises,  on  ayerag  ’ PP  . ..  ru|es  out  jetting  as  a source  of 

whereas  tektites  show  no  detectable  projec  1 f ^ thick  spherule  beds  recently 

£d  in  53S  Wi/siderophile  elements 

(13,14). 

SSEra-fi  Geophys.  R «.  68,  430S. 

t4lS  R Taylor  (1973)  Earth  Set.  Rev.  9,  101-  . n. 

(5)  R.  Brett  and  M.  Sato  (1984)  Geochim.  Cosmochim.  Acta  48,  • 

(6)  G.  Birkhoff  et  al.  (1948)  J.  Appl  Phys.  19  563. 

(7)  J.  M.  Walsh  et  al.  (1953)  /.  Appl.  Phys.  24,  3 9. 

(8)  W.  A.  Allen  et  al.  (1959)  Phys.  Fluids  2,  329. 

(91  L V Alt'schuler  et  al.  (1962)  Sov.  Phys.  JETPl  , • 

(10)  F.  H.  Harlow  and  W.  E.  Pracht  (1966)  Phys.  Fluids  9,  195  . 
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eds.)  Pe^amo^N(Y977)  m:  lmm  ^ FxrlQsi<;)n  Paring  (Roddy,  Merrill,  and  Pepin 

(14)  n R V**6  and  P: R ' Byerly  0986)  Geology  14  83 
(14)  D.  R.  Lowe  et  al.  (1989)  Science  245,  959*  ’ 
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FIN,TE  ELEMENT  MODELING  OF  VENUSIAN  CORONAE.  D.M.  I—  and  >UM  Lunar  and 
Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721 

Core*  a*  large  circular  feam«  discove^e  V^5  and  16  -ate  JS 

lo  Ishtar  Terra  and  Telhus  Rag'd-  0 7 to  2 0 km  high  their  centers  are  typically  somewhat  depressed 

saffl  JSf  SLbsSnS  piains  (4).  lU  with  0*  mtnphoiogy  of  te  region,  tins 

suggests  that  both  may  be  volcanic  in  nature. 

We  use  finite  element  modeling  to  jfvSSSteS  todeter^^  die  state  of  stress 

construct  emplaced  suddenly  on  a lithosp  e • tectonic  features.  The  volcanos  treated  as  axisymmetric 

within  it  and  the  sense  and  orientation  of  any  resulting  tecto  * ^ ^ ^ exponential  viscosity  profile 

and  initially  parabolic  in  profile.  It  has  a cru  boundary  condition  beneath  the  volcano,  whether 

Figure  1 shows  the  stress  fidd  within  the  ^21^^  pipe,  and  the 

height  and  a radius  of  200  km.  The  lithosp  e d Qn  resulting  in  simple  self-compression  of  the 

Sand  takeiUo  U=  S&  ^radial  and  hoop  stresses  are  1/3  the  vertical,  gravitational. 
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Figure  1:  Stress  evolution  within  a 1 km  high,  200  km  wide  volcano 


stress.  As  the  load  is  allowed  to  relax  through  ^;*®Jj*^upSlabySas  requbeTm  fom  concentric 
center  and  compressional  throughout  most  . , where  after  50  My,  the  radial  stress  becomes  the 

compressional  features,  particularly  at  the  volcanos  However,  in  each  case 

most  compressional,  leading  to  the  possibility  of  buc  g P stress  is  the  least  compressive  principal 

Ae  radial  stress  is  the  intermediate  principal  stress  axis.  The  hoop  stress  is  tne 
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stress  and  the  vertical  is  the 
center. 


most  compressive. 


TTiis  should  lead  to  normal  faulting  oriented  radially  to  the  load 


results,  namely  that  the  toop  stress  is  always  the  Sst ^compre?  T*  direCti°n  produces  simi,ar 

compressional.  Nor  does  the  addition  of  a central  nine  of  f . • ,W«e  the  verticaI  stress  is  the  most 
stress  is  intermediate  between  the  vertical  and  hoS  susses  AlfoT  ^ct,the/elationship  that  the  radial 
underlying  surface  produces  extensional  radial  and  hoJp  sfresses  thmioCfi  1°  m°VC  freely  over  the 
but  does  not  alter  the  relationship  between  the  principal  stess  aL^  Thl^h  / CrUS.  °f  '°ad  at  M timestePs 

I coronae  not  seem  to  be  «*  of  a simp?eS 

fractures  open,  bSinJfe  cmUmSe^^disLete  I?8®  a"d  gr°°VeS  “f®  that  initially  radial 

mterior  inducing  radial  compression  and  folding  at  the  volcano's  nT  * ^iecesiha^then  slide  over  the  viscous 
that  the  ndges  and  grooves  are  viscous  folding  produced  dirine  oS^lT  flCrhap?  tbe  simPlest  explanation  is 
rhyolitic  flows  (5)  but  on  a much  larger  scale.  ® ava  ^ow  simi^ar  to  pahoehoe  lavas  and 

flexure.  We  iSeTth?  voSifa'coron^  aTa^axisymme^i  ‘°  l*  ,characteristics  of  a«y  lithospheric 
emplaced  on  lithospheres  of  varying  thicknesses  overt  vTnT*  paraboho  ,oad  1 km  high  and  200  km  wide 

moats  develop  which  for  all  lithospheric  thicknpssps  y 8 a v.,scous  asthenosphere.  At  the  end  of  100  My 
lithospheres.  In  general,  the  °'5  km  deep  but  « b'°ader  for  dtickS 

mmaliy  much  shallower  than  the  slope  of  the  load  itself  and  condn  ^ U"~er  the  wei8ht  of  the  load  is 

of  10  s of  millions  of  years.  Models  varying  lithospheric  thirS2?«  h*0/*  .s‘81n,f,cant,y  shallower  for  periods 
show  similar  results.  Only  for  loads  substantially  laroor  »>,<.  ^ess’  rhe0,08,cal  profile,  and  initial  load  height 
do  the  slopes  leading  into  the  moat  from  the  load  and  exterin???  observedand  for  relatively  thin  lithospheres 
determination  of  the  depth,  breadth  ^ SteePness'  Closer 

further  constraints  can  he  ptaced  on  the  ,8e  of  the  Jonae  and^^at^^he™  ESK“* 

rr * - 

1062»  1989;  (4)  BindschadJer,  D.L.  and  J W Head  FVChaT^'  Morpho}°^  and  Ongin ,LPSCXXt  1061- 
(1989);  ,5)  J,  Fink,  Surface  F„ldi„g  ,„d  Viscosity  ”■  3-20, 
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PLANETARY  GEOLOGY  AND  GEOPHYSICS  PROGRAM:  A SUMMARY,  FY  89 
J^es  R Underwood,  Jr.,  Code  EL,  NASA  Headquarters, 

Washington,  D.  C.  20546  Q2H  Department  of  Geo  gy, 

Kansas  State  University,  Manhattan,  K 

, f cm  m in  FY  89  funds  incurred  by 

A congressional^  Mn6ated  reduction  of  510  Ml  decision  to  shift 

the  Solar  System  Exploration  Division  orted  by  the  four  Plane- 

most  anniversary  dates  of  r«searc  P Planetary  Atmospheres, 

tary  Science  c°Ye  pr^a^o^h^mistryy  and  Planetary  Geology  and  Geophys- 
Planetary  Materials  and  Geo  y,  Principal  Investigators 

ics)  to  October  1 or  November  1.  Thus , » t K ^ funds  but 

(Pi's)  were  funded  for  fewer  than  funding  began  on  the  new 

"■>  not  have  an  "7au‘ ^ "Vise"  ZX™  1£ 

tary^eology^and  ££.£<£«  —arch  program  were  to  remain  strong 
during  the  FY  89  period  of  drastically  reduce  u g 

....  in  FY  89  of  research-project  anniversary  dates  necessi- 
The  massive  shift  in  FY  89  o P J submission  and  review  of 

rated  a shift  around  the  calendar^in^the  dat^^  _ ^ ^ fuU 

proposals.  Thus,  on  April  , were  due  at  the  Lunar  and  Plane- 

proposals  together  with  progress  rep  ^ the  Lunar  and  planetary  Insti- 
tute (Ln^'^he^BrLPG^  met  May  20-26  ^SK^t^ee 

Sa9t°p“e  no ^ disadvantaged  V^changes  in  the  anniversary  and  review 
dates  of  their  proposals. 

The  FY  .9  support  level  for  the  " 

level  of  $10.5  M.  The  effective  supp educed- funding  periods  for  most  projects. 

$11.6  M,  made  possible  by  the  FY  research  projects.  The  distn- 

In  FY  89,  170  PG&G  Pi's  were  involved  m 2™  ^search  p j ^ ^ ^ distri_ 

bution  of  PG&G  funding  by  organization  is  Figure  2.  A histogram, 

^ 3*  X^^r^ect/  funded  at  vatious  levels  from  PY  8, 

funds . 

Ten  new  Pi’s  whose  proposals  had  received  “f 

September  1988  meeting,  were  ™ several  projects  was  continued,  and 

fr°ojectsJ  iL  were 

SI'S  rUS  System^Exploration  Division  and  the  land  Processes  Branch 
of  the  Earth  Science  and  Applications  Division. 

The  Planetary  Geology  and  c^ophyslcs  Working  Group^main  ^ Uashlngton,  fall 
of  the  PG&G  program  during  FY  89.  h ®aterlals  and  Geochemistry  Working  Group 

1988,  in  conjunction  with  tl he  PI. *™  : ^ Lunar  and  planetary  Science  Conference 

and  the  other  in  March  J student-support  programs,  the 

foals^d^erirns  Institute,  and  the  Planetary  Data 

System. 

quirementX to"^^ - cer ti f y^the  severaf w^tuLetf  .rLper^ental  chambers 
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o Tr  ayf^“  e^iot  ^ Research  Cent"'  ^ “•*  “ill  ^ §200  K 

is1sflcA,,sar-0rs>P?T»«“  k. 

^Xr^x  z:  r°^Z’Z:ZZ^ 

may  serve  to  answer  a specific  sc  en  f!  / whlch  3 SeoloSic  maP 

program  continued  its  support  of  ihe  ^ ^ ^ °f  imPortan«.  The  MGM 

gram  by  providing  information  relative  to  selectfoITof  <****>  P^o- 

landings,  sample  collection,  and  rover  traverses  martian 

Mars,  Evolution  of  Tectonism  and  Volcanism  fMFVTVi  eu 

analysis  program  sponsored  canism  (MEVTV) , the  current  Mars  data 

T • j 7 . % 6 ’ sponsored  two  workshops  in  FY  89  The  first-  **-  .t, 

Tidewater  Inn  in  Easton,  Maryland,  October  5-7  19ft«  „ . ’ at  the 

Tectonic  and  Volcanic  Evolution  of  Mart  " U1  \ tLtled:  Early 

presented,  and  ample  time  was  available  f PaPe^  were 

participants.  The  second  event  was  th^-'Worksh  ^ debate  40  ’ 50 

April  20-22  at  the  Hanford  Science  Center  Richland  FeatUreS  on  Mars . " 

involved  some  30  participants  twr,  a p rchland,  Washington.  This  meeting 

one  day  field  trfp  ZZ  tlTZZToZZ  and  f 

analogs  of  martian  wrinkle  ridges  at  posslble  terrestrial 

LPmtie“  prructdure  • f °pe  • - «pp«t 

image  facilities.  Additional  copies  ar  .,I,S  and  to  the  regional  planetary 

IMPACT,  the  PG&G  newsletter  was^  hi  h available  from  the  Program  Office, 
tinued  to  play  an  important ’ role  pbllshed. three  tlmes  during  FY  89,  and  con- 
The  "bluebook, " Reports  of  Planetary' oomumoation  "ithin  the  PG&G  program. 

published  and  distributed  early  In  Z ‘ l**. 

spectrum  of  activities  in  the  PG&G  program  inTpsS  “ °VerVleU  of  the 

i.e.  there  Jus" consideraM^rtseLch”'1™^!  C°  Z °"ly  partly  utilized  by  NASA, 

forSadditionalUgraduateestudent°andni^ytW^S  ^bunucterizecJb^  a^eed^  ^*a<^  m°ney 

critical  need  for  funds  to  maintain/ XXX reXT XXX  * 

Nevertheless,  the  PG&G  community  of  research  a c . 

and  associates  made  significant  contrih,,M  lentlsts  and  their  students 

as  testified  by  ttelr  S ? planetary  science  in  FY  89, 

Geological  Society  of  America  the  tlC.lpatlon  the  annual  meetings  of  the 
of  Planetary  Sciences  Tf  tS  ^ ? "ff  Uni°n>  ^ the  Division 

service  on  a host  of  advisory  ^Jrts  reJ'TZ^  ,a"d  also  by  their 

of  them  were  involved  in  activities  related  to  Z ^ ’ aUd  “orklns  grouPs.  Many 
CRAF/Cassini,  Magellan.  Galileo.  Mars  Obser“r^  and°  mSR  ' ®' Pch°bOS ' 
accomplishments  in  FY  89  was  impressive  anH  r-  f1  ’ ^ MRSR'  The  llst  of  PG&G 

community  of  scientists  and  students.  eflected  great  credit  on  a dedicated 
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Figure  1.  FY89  PG  & G Funding  By  Organization 


ARC  (5)  OTHERS 


4% 

Figure  2.  FY89  PG  & G Principal  Investigators  by  Organization 
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NUMBER  OF  GRANTS 


FUNDING  LEVEL  X 51,000 


Figure  3.  FY89  Funding  - Level  Distribute 
Planetary  Geology  & Geophysics 
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